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Abstract 
 
 
Nowadays most of the bridges are designed with movable joints and bearings. 
They are used to allow for bridge deck displacements produced by: expansion 
and contraction of the bridge deck due to temperature changes, breaking or 
accelerating forces of vehicles and by long term changes of concrete such as 
creeping and shrinking.  
 
Joints and bearings are susceptible to durability problems and require 
maintenance and replacements. In order to reduce the maintenance costs and 
to lower the initial costs of construction, integral bridges - bridges without 
expansion joints and bearings - are used. 
 
In the case of integral bridges, bridge abutments and piers must be designed to 
be flexible enough to allow necessary deck displacements without reaching 
their ultimate bearing capacity and instability. 
 
The aim of this master thesis is to conduct a research on structural response  of 
circular CFT (concrete filled tube) composite columns used as intermediate 
piers in integral bridges subjected to axial forces and bending moments caused 
by bridge weight and deck displacements respectively. 
 
The analysis is performed by finite element method using the software package 
Abaqus. A three dimensional model is defined using solid elements for both 
materials and paying special attention to the steel to concrete contact. Non-
linear behaviour of steel and concrete is taken into account. The confining effect 
of the concrete is also considered. Variations are done in ratio of steel and 
concrete used in the piers and also in N/Nu ratio for the equivalent bending 
moments. 
 
The finite element model is verified by comparing the results of numerical 
analysis with the results obtained by EN1994-1-1 and by other research studies 
on this subject. The results of the analysis are used to make conclusions and 
are compared to Eurocode design codes.  
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Abstract (in Spanish) 
 
Hoy en día la mayoría de los puentes están diseñados con aparatos de apoyo y 
juntas de dilatación que se usan para permitir los desplazamientos de tablero 
del puente producidos por: expansión y contracción debido a los cambios de 
temperatura, las fuerzas de freno y aceleración de vehículos y trenes y  los 
cambios reologicos de hormigón, tales como fluencia y contracción.  
 
Apoyos y juntas a menudo sufren problemas de durabilidad y requieren 
mantenimiento y reposición. Con el fin de reducir los costes de mantenimiento y 
los costes iniciales de construcción, se utilizan cada vez mas los puentes 
integrales  - puentes que no disponen de aparatos de apoyos ni juntas de 
dilatación.  
 
En caso de puentes integrales, estribos y pilas de puentes deben ser diseñados 
para ser lo suficientemente flexible como para permitir desplazamientos de la 
losa del puente sin agotar su propia capacidad de carga y la estabilidad.  
 
El objetivo de esta tesis de master es llevar a cabo una investigación sobre el 
comportamiento de las CFT (tubos rellenados de hormigón) pilas mixtas 
circulares utilizadas en puentes integrales  sometidas a cargas axiales y los 
momentos de flexión causadas por el peso de puente y desplazamientos del 
tablero,respectivamente.  
 
Investigación se hace por análisis de elementos finitos usando software 
Abaqus. Se define un modelo tridimensional utilizando los elementos finitos 
solidos tanto para el acero como para el  hormigón. Se define contacto entre el 
acero y hormigon. Comportamiento no lineal de acero y hormigón se tiene en 
cuenta. También se considera el efecto de confinamiento de hormigón. Se 
hacen variaciones en la proporción de acero y el hormigón utilizados en las 
pilas y también en N/Nu proporción  para distintos tamaños de desplazamiento.  
 
Modelo de elementos finitos se verifica mediante la comparación de los 
resultados del análisis numérico con resultados teoricos obtenidos a base del 
EN1994-1-1 y de otras investigaciones anteriores encontradas en la literatura. 
Resultados del análisis se usan para hacer conclusiones y también en  
comparación con la normativa Europea. 
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Nomenclature 
 
Latin upper case letters 
 
Aa   Cross-sectional area of the structural steel section in CFT column 
Ac   Cross-sectional area of concrete in CFT column 
As    Cross-sectional area of reinforcement in CFT column 
Bpl  Width of the upper and lower square steel plate in the prototype CFT column 
D  Exterior diameter of the prototype CFT column 
D0el  Initial undamaged elasticity matrix (Abaqus user manual 6.9) 
E0   Initial undamaged elastic stiffness of the material (Abaqus user manual 6.9) 
Ea    Modulus of elasticity of structural steel (EN1994-1-1) 
Ec   Initial modulus of elasticity of concrete  
Ecm    Secant modulus of elasticity of concrete (EN1994-1-1) 
Es    Design value of modulus of elasticity of reinforcing steel  (EN1994-1-1) 
(EI)eff    Effective flexural stiffness for calculation of relative slenderness (EN1994-1-1) 
Fac  Plastic axial resistance of the compressed part of the steel tube in CFT column 
Fat  Plastic axial resistance of the tensed part of the steel tube in CFT column 
Fcc  Plastic axial resistance of the compressed part of the concrete core in CFT 
column 
Fu   Axial load strength of the CFT (Hu et al. 2005) 
H  Height of the prototype CFT column excluding upper and lower steel plates 
Hpl  Height of the  upper and lower square steel plate in the prototype CFT column 
Ia    Second moment of area of the structural steel section (EN1994-1-1) 
Ic    Second moment of area of the un-cracked concrete section (EN1994-1-1) 
Is    Second moment of area of the steel reinforcement (EN1994-1-1) 
J2  Second stress invariant of the stress deviator tensor  
Ka  Stiffness calculated on basis of ua (Abaqus user manual 6.9) 
Ke      Correction factors to be used in the design of composite columns 
K0  Initial stiffness (Abaqus user manual 6.9) 
LBridge    Length of the bridge 
Lk   Maximum effective length  of the CFT member  (AIJ code) 
Ma  Moments acting on point A (base) of the CFT column prototype 
Mb  Moments acting on point B (cap) of the CFT column prototype 
MEd      Design bending moment applied to the composite section (EN1994-1-1) 
Mmax,NUM   Maximum bending moment of the circular CFT column prototype obtained in 
numerical analysis for each %N applied 
Mmax,Rd    Maximum design value of the resistance moment in the presence of a  
compressive normal force (EN1994-1-1) 
Mpl,a,Rd    Design value of the plastic resistance moment of the structural steel section  
(EN1994-1-1) 
Mpl,Rd    Design value of the plastic resistance moment of the composite section  
(EN1994-1-1) 
Mpl,Rd,E   Plastic resistance moment of the empty steel tube (Chacon 2010) 
Mpl,Rd,NUM  Plastic resistance moment of the composite section (Numerical analysis) 
Mpl,N,Rd    Design value of the plastic resistance moment of the composite section  
taking into account the compressive normal force (EN1994-1-1) 
Mpl,N,Rd,E   Plastic resistance moment of the empty steel tube, taking into account the 
compressive normal force (Chacon 2010) 
Mpl,N,Rd,NUM   Plastic resistance moment of the composite section, taking into account the 
compressive normal force (Numerical analysis) 
Mpl,ult  Design value of the plastic resistance moment of the composite section taking  
into account the compressive normal force (Mathcad calculation algorithm)  
cNcu   Ultimate cross sectional compressive strength of the concrete core (AIJ) 
sNcu   Ultimate cross sectional compressive strength of the steel tube (AIJ) 
Na  Axial forces acting on point A (base) of the CFT column prototype 
Nb  Axial forces acting on point B (cap) of the CFT column prototype 
Ncr      Elastic critical normal force (EN1994-1-1) 
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Ncu1   Ultimate cross sectional compressive strength of the CFT column (AIJ)  
NEd      Design value of the compressive normal force (EN1994-1-1) 
Npl,Rd,NUM   Plastic resistance of the composite section to compressive normal force 
(Numerical analysis) 
Npl,Rd,NUM,S235   Plastic resistance of the composite section to compressive normal force using 
steel S235 (Numerical analysis)  
Npl,Rd,NUM,S355  Plastic resistance of the composite section to compressive normal force using 
steel S355 (Numerical analysis)  
Npl,Rd,E    Plastic resistance of the empty steel tube  to compressive normal force  
(Chacon 2010) 
Npl,Rd   Design value of the plastic resistance of the composite section to compressive  
normal force (EN1994-1-1) 
Npl,Rd,Conf    Design value of the plastic resistance of the composite section to compressive 
normal force taking into account confinement as defined in EN1994-1-1  
Npl,Rk    Characteristic value of the plastic resistance of the composite section to  
compressive normal force (EN1994-1-1) 
Npl,Ult    Design value of the plastic resistance of the composite section to compressive  
normal force (Mathcad calculation algorithm)  
Npm,Rd   Design value of the resistance of the concrete to compressive normal force  
(EN1994-1-1) 
Pe   Elastic buckling limit  (AISC) 
PFE     Axial resistance obtained by finite element analysis (Ellobody et al. 2006)  
(Giakoumelis and Lam 2004) (Sakino et al. 2004) 
PIcd  Curvature ductility index (Liang 2010) 
PIldd  Lateral displacement ductility index  
Po   Ultimate capacity of cross section  (AISC) 
PTest    Axial resistance obtained by experiments 
Ra, Rb  Residual forces (Abaqus user manual 6.9) 
Te, min   Minimum uniform bridge temperature component (EN1991-1-5) 
Te,max   Maximum uniform bridge temperature component (EN1991-1-5) 
Tmax   Maximum shade air temperature (EN1991-1-5) 
Tmin   Minimum shade air temperature (EN1991-1-5) 
V  Shear force 
VEd      Design value of the shear force acting on the composite section (EN1994-1-1) 
Va  Shear forces acting on point A (base) of the CFT column prototype 
Vb  Shear forces acting on point B (cap) of the CFT column prototype 
Va,Ed    Design value of the shear force acting on the structural steel section  
(EN1994-1-1) 
Vc,Ed    Design value of the shear force acting on the reinforced concrete web  
encasement  
 
Latin lower case letters 
 
e    Eccentricity of loading (EN1994-1-1) 
ca, cb  Displacement corrections (Abaqus user manual 6.9) 
d  Interior diameter of the prototype CFT column 
dac  Distance of the Fac to the central line of the circular CFT column 
dcc  Distance of the Fcc to the central line of the circular CFT column 
dat  Distance of the Fat to the central line of the circular CFT column 
f l   Confining pressure around the concrete core (Hu et al. 2005) 
fc    Concrete compressive yield stress 
fcc'   Uniaxial compressive strength of the confined concrete (Hu et al. 2005) 
fc'   Uniaxial compressive strength of the unconfined concrete (Hu et al. 2005) 
fc',confined  Ultimate compressive stress of the confined concrete (Numerical analysis) 
fcd   Design value of the cylinder compressive strength of concrete (EN1994-1-1) 
fck    Characteristic value of the cylinder compressive strength of concrete at 28 days  
(EN1994-1-1) 
fsd   Design value of the yield strength of reinforcing steel (EN1994-1-1) 
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fu   Specified ultimate tensile strength  
fy   Nominal value of the yield strength of structural steel 
fyd   Design value of the yield strength of structural steel (EN1994-1-1) 
k1   Constant (Hu et al. 2005) 
k2   Constant (Hu et al. 2005) 
k3   Material degradation parameter  (Hu et al. 2005) 
k4   Strength factor (Hu et al. 2005) 
p  Normal contact pressure (Abaqus user manual 6.9) 
t  Thickness of the steel tube in CFT column 
u0  Initial displacement (Abaqus user manual 6.9) 
ua, ub  Displacements after applying displacement corrections  
(Abaqus user manual 6.9) 
 
Greek upper case letters 
  
∆  Lateral displacement 
ΣFver  Sum of all vertical forces acting on the CFT column prototype 
ΣFhor  Sum of all horizontal forces acting on the CFT column prototype 
∆L   Change in the bridge length due to the temperature change 
ΣMa  Sum of all moments  acting on the point A (base) of the CFT column prototype 
∆P  Load increment  (Abaqus user manual 6.9) 
∆TN     Uniform bridge temperature change (EN1991-1-5) 
∆ua  Total incremental displacement (Abaqus user manual 6.9) 
∆X  Lateral displacement applied to the numerical model  
∆Z  Vertical displacement applied to the numerical model  
Φu   Ultimate curvature of a circular CFT column (Liang 2010) 
Φy    Yield curvature of a circular CFT column (Liang 2010) 
Φ0.75  Curvature of a circular CFT column when the bending moment attains 75% of  
its ultimate moment capacity (Liang 2010) 
 
Greek lower case letters 
  
α     Factor 
αM    Coefficient related to bending of a composite column 
αT   Coefficient of thermal expansion 
γ  Slip (relative motion) (Abaqus user manual 6.9) 
δ   Steel contribution ratio (EN1994-1-1); Lateral displacement of the prototype  
CFT column (Numerical analysis) 
δe  Elastic component of lateral displacement (Guia para la concepcion de puentes  
integrales en carreteras) 
δp1  Plastic component of lateral displacement after formation of the first plastic  
hinge (Guia para la concepcion de puentes integrales en carreteras) 
δp2  Plastic component of lateral displacement after formation of the second plastic  
hinge (Guia para la concepcion de puentes integrales en carreteras) 
δu  Ultimate lateral displacement of a circular CFT column (Numerical analysis) 
δy    Yield lateral displacement  of a circular CFT column (Numerical analysis) 
δ0.75  Lateral displacement  of a circular CFT column when the bending moment 
attains 75% of its ultimate moment capacity (Numerical analysis) 
εc   Concrete strain (Hu et al. 2005) 
εc'   Uniaxial compressive strain  of the unconfined concrete (Hu et al. 2005) 
εcc'   Uniaxial compressive strain  of the confined concrete (Hu et al. 2005) 
εc
pl
  Compressive equivalent plastic strain (Abaqus user manual 6.9) 
pl
c
ε~   Equivalent plastic compressive strain (Abaqus user manual 6.9) 
pl
c
ε&~   Equivalent plastic compressive strain rate (Abaqus user manual 6.9) 
pl
t
ε~   Equivalent plastic tensile strain (Abaqus user manual 6.9) 
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pl
t
ε&~   Equivalent plastic tensile strain rate (Abaqus user manual 6.9) 
εt
pl
  Tensile equivalent plastic strain (Abaqus user manual 6.9) 
φc    Safety coefficient  (AISC) 
η   Confinement coefficient (AIJ) 
ηa, ηao   Factors related to the confinement of concrete (EN1994-1-1)   
ηc, ηco   Factors related to the confinement of concrete (EN1994-1-1) 
λ     Relative slenderness (EN1994-1-1) 
µ  Coefficient of friction (Abaqus user manual 6.9) 
µd     Factor related to design for compression and uniaxial bending (EN1994-1-1) 
ν   Poisson's coefficient 
ρ    Parameter related to reduced design bending resistance accounting for vertical  
shear (EN1994-1-1) 
ρs    Reinforcement ratio (EN1994-1-1) 
σ1  Principal stress 
σ2  Principal stress  
σ3   Principal stress 
σh   Horizontal tensile hoop stress in the CFT column  
σt  Tensile stress (Abaqus user manual 6.9) 
σc  Compressive stress (Abaqus user manual 6.9) 
σ t0  Failure stress (Abaqus user manual 6.9) 
σv   Vertical compressive stress   
τcrit  Critical shear stress value in the surface traction (Abaqus user manual 6.9) 
χ      Reduction factor for flexural buckling (EN1994-1-1) 
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1. Introduction 
1.1 General 
 
Integral bridges are those bridges which are built without any expansion joints 
and bearings in piers and abutments. In this type of bridges, the bridge deck is 
continuous and is monolithically connected to the piers and abutments thus 
forming one integral structure.  
 
When designing a bridge there are several main goals which are to be 
respected: costsavings, low maintenance costs and long-term serviceability.  
 
Expansion joints and bearings which are present in most of the conventional 
bridges are expensive to buy, maintain, repair and replace. Apart from that, 
these elements are subjected to many problems and apart from their own failure 
and need for repairment or replacement, they often cause deterioration of the 
principal bridge structure.  
 
Increasingly, bridges are designed as integral to avoid these problems. In 
general integral bridges cost less to construct, require less maintenance and 
therefore last longer than equivalent bridges with bearings and expansion joints. 
In addition to that, integral bridges have many more advantages in comparison 
to the standard bridge structures.  
 
Up to this date the majority of  integral bridges were designed and built using 
concrete or steel columns while  there is only a minor number of examples with 
composite steel-concrete columns. Furthermore, most of these bridges are of  
short spans built only on abutments, i.e. without intermediate piers. Moreover, 
there are only a  few studies which directly investigate the behaviour of integral 
piers. 
 
The scope of this work is to investigate the ductile behaviour of composite steel-
concrete circular columns used as piers in integral bridges. Integral piers not 
only carry axial forces from the selfweight and vehicular load on the bridge but 
are also subjected to the horizontal forces caused by short or long-term 
movements of the bridge deck.  
 
Therefore, this study will try to explain the structural response of circular CFT 
piers when subjected to the horizontal displacements and axial loading. 
Horizontal displacements will be introduced taking into account previous studies 
on magnitude of  integral bridge displacements.  
 
Analysis is done using advance finite element software Abaqus/Standard 6.9 
which has widely been accepted and proven by experiments. Special attention 
is taken to consider incremental character of the loading. Analysis is done using 
various cases with different geometry and materials. Account is taken of 
geometrical, material and boundary non-linearities. Analytical results obtained 
are compared to the results obtained using theoretical calculations in 
accordance with EN 1994-1-1.  
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1.2 Aims and objectives 
 
Tha main objectives of this study are the following: 
 
1. Summary of the previous experimental and numerical investigation 
studies on circular concrete filled tubes. 
 
2. Analysis of the magnitude of potential horizontal displacements of the 
bridge decks in integral bridges originating from temperature changes, 
breaking and accelerating loads of the vehicles, long term effects such 
as creeping and shrinking, in order to obtain data for horizontal loading of 
circular CFT piers.   
 
3. Design and validation of a finite element model using software Abaqus to 
perform a numerical study on circular CFT columns.  
 
4. Numerical analysis in order to obtain structural response of the circular 
composite steel-concrete columns subjected to the axial forces received 
from the bridge deck vertical load and horizontal displacements applied 
on the top of the columns.  
 
5. Description and comparison of numerical data and data obtained 
according to the Eurocode EN1994 through the following:  
 
• Comparison of axial resistance obtained by numerical results and 
resistance based on EN1994-1-1 in order to quantify the influence 
of confinement.  
 
• Design of two sets of interaction diagrams: those obtained from 
the results of numerical analysis and those obtained on the basis 
of Eurocode 
 
• Analysis and description of ductility of the examined columns 
obtained from the results of numerical analysis. 
 
• Analysis of the influence of variation of material qualities for steel 
and concrete in one of the prototypes 
 
• Comparison of finite element based interaction diagrams of 
circular CFT columns with those of circular steel tubes only. 
  
In the following analysis, columns not susceptible to local buckling as well as 
those sensitive to local buckling according to EN1994-1-1 criterion are 
examined. However, slender columns are not investigated, i.e. analysis is done 
done on short columns without taking into account global stability effects – 
global buckling. In addition, only large scale tubes are analyzed, i.e. tubes with 
appropriate dimensions for their usage in integral bridges. 
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1.3 Structure of the thesis 
 
 
PART I 
 
Chapter 2 briefly explains the history and evolution of integral bridges as well as 
their use in different countries. Advantages and disadvantages are listed as well 
as the main types of these structures. A review of possible causes of bridge 
deck displacements is also presented. Several examples of the integral bridges 
with integral piers are given.  
 
Chapter 3 deals with main characteristics of the concrete filled tubes and with  a 
review of earlier experimental and numerical investigation studies on this 
subject. An overview table of majority of the studies conducted until 1997 is 
given, while newer research works (in the past 12 years) are explained in more 
detail. In the second part of this chapter, the Eurocode provisions of design of 
composite columns are given. In addition, a review of international code 
provisions is also done 
 
PART II 
 
Chapter 4 has the aim to give an explanation of how the finite element model 
was designed. Geometry of the model, constitutive models used, types of finite 
elements implemented, interference between concrete and steel, boundary and 
loading conditions and meshing of the proposed model are all presented here. 
In addition, basis of load incrementation and iteration procedures in nonlinear 
type of analysis in Abaqus are explained.  
 
Chapter 5 starts with model validation which is based on comparison of results 
with those obtained in Eurocode and previous studies as well as on analysis of 
the influence of mesh design and geometric non-linearities. It continues with an 
overview of the prototypes which were analyzed and with presentation of certain 
geometric and section properties. Theoretical resistances of the prototypes 
based on Eurocode are shown.  
 
Chapter 6 presents the numerical analyses which were conducted. The 
structural system and equations used to obtain results from numerical data are 
explained. A summary of results is given in tabular form for all three groups of 
specimens. Furthermore, results are used to construct interaction M-N diagrams 
and V-δ ductility graphs. Conclusions based on comparison with Eurocode 
results are done. Moreover, influence of variation of material qualities as well as 
comparison with steel tubes only is conducted.  
 
Chapter 7 - presents a summary of all the work done in form of conclusions and 
recommendations. A call for several future studies is made.  
 
At the end, all the literature and research studies used are listed and additional 
work is presented in the form of an annex.  
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2 Integral bridges 
 
2.1 Definition 
 
Integral bridges are bridges which are built without any expansion joints in the 
bridge deck and without any bearings between the columns and the bridge 
deck. Bridge abutments and piers are rigidly connected to the bridge 
superstructure thus forming one single structure. 
 
There are other various names which are used to define this type of bridges: 
jointless bridges, integral abutment bridges, continuous rigid frame bridges.  
2.2 History   
 
Evolution of integral bridges throughout the time dates back to first bridges built 
(ancient bridges), which were actually integral bridges. The first of these bridges 
were built in the second century BC (CBDG website). They were usually built 
from stone in the form of stone arches, a form that dominated bridge structural 
system until the early 18th century when wrought iron and steel were introduced. 
These first bridges had columns monolithically connected to the deck and were 
usually of short spans.  
 
       
 
Figure 2.1 First bridges built were actually integral bridges. Left: Stone bridge in 
Skopje, (photo taken by Svilen Enev 2007). Right: Wooden bridge on river Korana 
Photo published on www.hrphotocontest.com 2006) 
 
Apart from stone bridges, wooden bridges were also built in case of light traffic. 
These were also of integral type, i.e. columns were rigidly jointed to the deck. 
2.3 Evolution of integral bridge concept 
 
When new materials started to be used such as steel and reinforced concrete it 
was possible to bridge larger spans. With new materials and larger spans, 
arouse a need to introduce bearings and expansion joints to account for bridge 
deck dilations. 
 
In earlier modern history of bridge construction, bridges were constructed as 
isostatic beams with support bearings over the columns. This was a case for 
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both single span and multi span structures. They were easy to calculate, 
construct and they allowed for movements in the superstructure. There are 
numerous steel and concrete bridges built in the 50's and 60's from steel and 
precast concrete that are still in function. In Spain during the 60's precast 
concrete isostatic girder beams were fabricated and used to build the bridge 
decks. They were first built with a high number of diaphragms to ensure lateral 
indeformability. Later on, new methods of calculation enabled reduction in 
number of diaphragms which were used only over the supports and later on 
disappeared completely. 
 
 
Figure 2.2: First modern bridges were designed with isostatic beams with support 
bearings. Source (Guia para la concepcion de puentes integrales en carreteras) 
 
Expensive maintenance of the deck joints and higher total costs of bridges as 
well as new methods of calculation slowly forced engineers to design bridges 
with continuous bridge decks. Continuous decks started to be built more 
increasingly  from all materials: steel, concrete, precast concrete. The new type 
of decks was more flexible and less costly. In Spain, during the 70's composite 
steel concrete decks were built as continuous beams. In general this type of 
bridges is very common today and they are mainly constructed as a continuous 
bridge deck with expansion joints over abutments and are supported over the 
piers on the neoprene layers.  
 
 
Figure 2.3: Continues deck bridge. Source (Guia para la concepcion de puentes 
integrales en carreteras)  
 
In recent times when the cost of work force is increasing in comparison to the 
cost of material, there is a need to lower the number of working hours and thus 
reduce the costs of maintenance. Apart from that there is a need to build 
structure of longer durability. Therefore a number of composite bridges was built 
as a continuous bridge deck with rigid connections between the continuous 
girder and the piers but still with expansion joints over the abutments. This is a 
first step towards fully integral bridges. In this way, bearings are eliminated and 
there is a monolith connection between the girder and the piers. 
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Figure 2.4: Continues deck bridge with rigidly connected piers. Source (Guia para la 
concepcion de puentes integrales en carreteras) 
 
In order to further lower the costs and increase the durability, expansion joints 
on the bridge ends are also eliminated as well as the bearings between 
abutments and the deck.This type of bridges are fully integral structures.  
 
 
 
Figure 2.5: Integral bridge without expansion joints and bearings and with rigid 
connection between the deck and abutments and pier.s Source (Guia para la 
concepcion de puentes integrales en carreteras) 
 
They were first built in USA in 50's, first as short span bridges which had only 
abutments without intermediate piers and were later developed as bridges with 
longer spans and as multispan bridges. They are nowadays built as concrete, 
steel, precast concrete, and composite bridges.  
 
An example of a multispan concrete integral bridge is shown on the figure 
below.  
 
 
 
Figure 2.6. Example of the rigid connection of integral piers and bridge deck 
Dalguni-Palsit Flyover (photo published by www.theconstructor.org) 
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2.4 Types of integral bridges 
 
Generally integral bridges can be divided on fully integral and semi integral 
bridges.  
 
Fully integral bridges are defined as structures which are completely built 
without any expansion joint and without any bearing supports. Semi integral 
bridges can be defined in various ways but are generally in between the 
conventional and integral type of structures. One of the types of semi integral 
bridges are those which are built as continuous beams with rigidly connected 
piers but with expansion joints at the ends. Other types include abutments with 
the joints which are not fully moment resistant but do not dispose of any 
expansion joint or bearings. This type of abutment is able to transfer all 
translations but not rotations between the abutments and the superstructure. 
  
 
Figure 2.7 Full integral abutment on piles (left) and  semi integral abutment on sliding 
bearing (right,)(Guidelines for Design of Integral Abutments, Alberta Transportation, 
March 2003)        
 
They can also be divided on single span and multi span bridges. In multispan 
integral bridges, integral piers are loaded differently. They receive different 
shear forces in their caps due to difference in amount of dilatation of the bridge 
deck. It is well clear that in such a bridge middle pier will receive almost zero 
shear force due to deck dilatations while the furthest pier might receive very 
high translations.  
 
 
 Figure 2.8: Different magnitude of pier deformations depending on the position in the 
bridge 
 
Apart from that, there is a number of types of integral abutments which are 
used. The main division between these is on wall-type abutments and stub-type 
abutments. Stub type abutments consist of abutments which are supported on 
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the flexible piles that allow dilations and rotation. Wall-type abutments consist of 
a wall built next to the earth embankment. They are generally used for shorter 
spans as horizontal forces are well resisted by the earth pressure and therefore 
create high forces in them. 
 
2.5 Advantages and disadvantages 
 
2.5.1 Advantages: 
 
Absence of expansion joints and bearings in integral bridges has brought many 
advantages which are making possible for this type of structures to be more 
applied around the world. The main advantages are the following: 
 
1. Reduced material and construction costs due to the absence of 
expansion joints (Greimann et al., 1987; Soltani & Kukreti, 1992). 
  
Expansion joints are subjected to impacts from live loads as well as 
movements due to dilations of the bridge deck. They are also subjected 
to weather conditions and salty water during winter conditions. One of 
the most common problems of the expansion joints are the leaking joints 
which become deteriorated due to corrosion and let salty water from the 
bridge deck attack the bridge understructure. Other types of joints such 
as elastomeric joints after time fail to function due to accumulated rocks 
and dirt.  
 
Bearings are also subjected to many problems. Steel bearings over time 
can seize to function due to corrosion or tipping over while elastomeric 
ones can brake or be brought out of position due to impacts. Although 
their cost to buy and install is rather reasonable in comparison to the total 
cost, the cost of maintenance and replacement becomes very high in 
comparison to the original cost.  
 
2. Minimized deterioration and increased durability. One of the main 
reasons for integral bridges becoming preferred by transportation 
departments is their minimized deterioration because chemicals and 
salty water cannot penetrate bridge deck slabs due to absence of 
expansion joints and therefore cannot deteriorate main bridge structure. 
(News and Information from the Steel Bridge Forum - summer/fall 1993) 
 
3. Reduced maintenance costs, since these bridges do not posses 
support bearings and expansion joints which are usually very expansive 
to repair, replace and maintain, the cost of working hours and spare parts 
is considerably reduced. (Wasserman and Walker 1996) 
 
4. Rapid and simplified construction - Expansion joints and bearings are 
not needed. The normal delays and the costs associated with bearings 
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and joints installation, adjustment, and anchorages are eliminated.  
(Highway Structures Design Handbook, AISI, 1996). In addition details 
are simpler and easier to design.  
 
5. Tolerance Problems Are Reduced -The stringent tolerances required 
when utilizing expansion bearings and joints are eliminated with the use 
of integral abutments (Highway Structures Design Handbook, AISI, 1996) 
 
6. Added Redundancy And Capacity For Catastrophic Events - Integral 
bridges are hiperstatic structures. This allows them to develop plastic 
hinges which dissipate seismic energy without stability loss. The use of 
integral abutments eliminates loss of girder support; the most common 
cause of damage to bridges in seismic events. (Hoppe & Gomez, 1996; 
Wasserman, 1996) 
 
7. Smooth riding - uninterrupted aesthetically pleasing deck improves 
vehicular riding quality (Loveall, 1996;) and significantly reduces hazards.  
 
2.5.2 Disadvantages: 
 
1. Limited length of the bridge: since integral piers and abutments can 
receive only a limited amount of deck displacement, and since these 
displacements increase with bridge lengths, the length of this type of 
bridges is limited. Since concrete expands less than steel under 
temperature changes, there are longer concrete integral bridges than 
steel integral bridges. 
 
2. Lack of codes: In many countries the number of built integral bridges is 
increasing but there are still no general codes. In Spain there is a 
document called 'Guia para la concepcion de puentes integrales en 
carreteras'. In USA there are also several documents which present 
guides in integral bridge design but no general code exists even though 
these bridges have been built in USA since 50's. 
 
3. Uncertainties in soil-structure interaction: A continuity is achieved 
between the structure and the soil, so that the deformations are 
transferred from the bridge deck, by piers and abutments to the soil. A 
non-linear interaction between soil and the structure remains mainly 
unknown. These unresolved issues create grave uncertainties in the 
design of integral bridges. Consequently, the current design guidelines 
are experimentally based rather than scientifically based (Bakeer et al., 
2005).  
 
4. Lack of literature covering integral piers: 90% of the literature 
covering integral bridges deals with integral abutment bridges while there 
are very few articles explaining integral piers (Kitada,1998). Analysis of 
one possible type of integral piers (circular concrete filled tubes) is 
analyzed and explained in this work. 
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2.6 Origin and magnitude of bridge deck movements 
 
Since expansion joints have been introduced to bridges to enable free 
movements of the bridge deck, there is a need to describe the main causes of 
these movements. Moreover, the main type of loading of the CFT columns 
analyzed in this work are horizontal displacements of the bridge deck. 
 
There are three types of causes of bridge deck movements (Guia para la 
concepcion de puentes integrales en carreteras', 2000):  
 
-Proper dilatations of the bridge structure: 
• Concrete shrinking dilatations as long term dilatation 
• Dilatations due to losses of prestressing force as instant and long 
term dilatation 
• Temperature dilatations which can be divided as daily changes 
and seasonal changes. Dilatations caused due to temperature 
changes are the most important factor (beside seismic forces) 
which has to be considered in the design of integral bridges.  
 
-Movements caused by exterior forces 
• Breaking and accelerating forces of vehicles and trains – these forces 
are more significant in the railway bridges were breaking forces are 
higher 
• Wind forces – according to Spanish instruction for actions in highway 
bridges (Instruccion de Acciones en Puentes de Carretera) lateral forces 
caused by the wind can be taken between 1.5 and 3.0 kN/m while the 
longitudinal forces are considered to be 25% of the lateral forces, 
therefore being between 0.4 and 1.2 kN/m o 
• Centrifugal forces are the function of the curve radius, the projected 
vehicle velocity on the bridge and amount of useful load. 
• Seismic forces  
 
-Movements depending on the terrain characteristics 
• Proper settling of the terrain 
• Settling of the bridge supports 
  
However, in the regions with big seasonal changes in the  temperature, the 
greatest magnitudes of the bridge displacements are due to the temperature 
changes. 
 
EN1991-1-5 deals with the temperature changes in bridges. This code devides 
the bridge deck types on: 
 
• Type 1: Steel deck (steel box girder, steel truss or box girder) 
 
• Type 2: Composite deck 
 
• Type3:  Concrete deck (concrete slab, concrete beam, concrete box 
girder) 
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EN1991-1-5 takes into account the uniform temperature change and 
temperature difference across the height of the section. These thermal actions 
are assessed by the uniform temperature component and the temperature 
difference components. 
 
In order to calculate uniform bridge temperature change, the folowing 
expression can be used: 
                   
min,max, e
T
e
T
N
T −=∆   
                                               
(2.1) 
 
where Te,max and Te, min are the maximum and the minimum uniform bridge 
temperature components and can be calculated with the diagram shown below 
using the shade air temperature values Tmax and Tmin and using the curve for 
the corresponding bridge type (type 1 – type 3). The shade air temperature 
values are based on the daily temperature ranges of 10 C. Furthermore, these 
values are to be obtained at the site location consulting national maps of 
isotherms. 
 
Figure 2.9: Relationship between min./max. shade air temperature (Tmin/Tmax) and 
min./max. uniform bridge temperature component (Te.min/Te.max) 
 
Once the ∆TN has been determined, a change in the bridge length can be 
determined by using the theoretical equation:  
 
                                      BridgeN LTL ⋅∆⋅=∆ α                                                         (2.2) 
This would be the absolute displacement if the temperature changed from 
minimum to maximum. It has to be taken into account that the bridge expands 
and contracts from one initial temperature, so that it usually contracts and 
expands by approximately half of this displacement.  
 
In order to obtain a rough approximation of these dilatations it will be mentioned 
that integral bridges in Tennessee are designed for movements of the following 
magnitudes: 0.42 mm/meter of the deck for concrete bridges and 0.78 
mm/meter of the deck for composite bridges.  
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2.7 Overview of the use of integral bridges in various countries: 
 
Various integral bridge construction techniques are widely and successfully 
used in the USA, Sweden, Canada and Australia, which include spans up to 
100m (Burke, 1989; Hambly 1991 cited in Springman et al., 1996) 
 
2.7.1 United States of America 
 
According to Martin Burke (1989), one of the first agencies to start the routine 
usage of continuous structures was Ohio Department of Transportation in 1930. 
This was triggered by the paper published by professor Hardy Cross (1930) 
which presented a simple method for calculation of continuous beams and 
frames by means of moment distribution popularly known as Hardy Cross 
method. Ohio, South Dakota and Oregon were among first to start the use of 
jointless bridges, made of concrete, in the 30s and 40s, followed by California in 
50s. By the mid 60s, Tennessee and five other states adopted use of integral 
bridges as standard construction. 
  
According to (Mistry 2005), since 1987 a lot of States in the USA have decided 
to use integral bridges wherever conditions allowed their use. In Washington 
State and Nebraska 80-90% of bridges are semi-integral, while in California, 
Ohio and Tennessee a mix of both integral and semi integral is used with 
preference of the later ones. In survey done by Burke (1989), 87% of 30 States 
reported standard use of these structures. 
 
         
Figure2.10: Overview of integral bridge construction in 39 states in USA (Kunin 1999) 
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In the study made by Kunin (1999), a survey was done on the usage of integral 
bridges across USA. Survey included 39 state or provincial transportation 
agencies in the United States and Canada. Among these, only 8 said that they 
had no experience in construction of this bridge type. In the table presented 
above there is an overview taken from Kunin (1999) study stating that the first 
bridge was built in 1905 with total of almost 10 thousand constructed integral 
bridges.  
 
Survey done in 2004 showed that Tennessee, Iowa and Colorado build the 
majority of their new bridges using integral structures, and that there is an 
increase in the use of integral bridges in northern states (Maruri and Petro 
2005). 
 
Although a very big number of integral bridges were built in USA, there is no 
general code for their design. A survey (Greimann 1983; Wolde-Tinsae 1983) 
has shown that, although at that time about 28 U.S. State Highway agencies 
were designing and constructing integral bridges, no standard design methods 
or details had been developed. 
 
A strong proponent of the use of jointless bridges in North America has been 
the State of Tennessee. Building on half a century of experience, the state has 
a current inventory of over 2,400 integral abutment bridges, up to 120 m long 
with steel girders, and 240 m using concrete. (Harvey and Kennedy) 
2.7.2 United Kingdom 
 
An investigation done in UK on more than 200 bridges, undertaken by the 
Department of transport, revealed that expansion joints are source of expensive 
and disruptive maintenance work (Wallbank, 1989 cited in Springman et al., 
1996). As a response to this, Highways Agency published Advice Note BA 42 in 
1996, promoting the design of integral bridges and stating that all bridges up to 
60m in length and with skews not exceeding 30 degrees are generally required 
to be continuous over intermediate supports and integral with their abutments.  
 
 
Figure 2.11: Summary of bridge types in UK (2000-2004) as cited in Hiroshi (2008) 
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Apart from that it says that Intermediate supports of integral bridges can be 
designed to move horizontally with the superstructure or with a bearing which 
allows lateral movement beneath the deck. In the former case the pier has to be 
sufficiently flexible to accommodate the thermal movement to which it would be 
subjected. (BA 42/96-published in May 2003).  
 
However, guidance on the design of integral bridges presented in this document 
(BA 42/96) is regarded as over conservative (England et al. 2000). 
 
2.7.3 Japan 
 
Integral bridges in Japan are not so popular as in USA and UK, but recently 
they are starting to be more applied due to reduced costs of maintenance and 
construction.  
 
Guide lines on the integral bridge construction can be found in Guidelines for 
Planning of Steel Integral Bridges proposed by  Public Works Research Centre 
and Nippon Steel Corporation. Single span as well as multi-span bridges are 
presented in this guide. 
 
On the other side Specifications for Highway Bridges and Design Standards of 
Railway Structures do not deal at all with integral bridges. 
 
One of the examples of integral multi-span bridges built in Japan is 121m long 
two span Koitogawa bridge, on Tateyama highway in Chiba prefecture which 
has 2 integral abutments and 2 circular concrete integral piers in the middle of 
the span with very large diameter of D=4800mm. 
 
Figure 2.12: Photograph of Koitogawa bridge, on Tateyama highway in Chiba (Hiroshi 
2008) 
 
       Figure 2.13: Cross section of Koitogawa bridge, on Tateyama highway in Chiba 
(Hiroshi 2008) 
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2.7.4 Australia 
 
Integral bridges in Australia are not widespread as in USA or UK, and Australian 
Bridge Design Code does not have any special reference to integral or jointless 
bridges. However, this code has general design requirements among which 
some apply indirectly to the integral design (temperature movements, concrete 
shrinkage and creep). 
 
The use of integral bridges is not widespread in Australia where climatic 
conditions are relatively benign.(Connal 2004).  However there are a number of 
examples of integral bridges. One of them is a two span bridge located on 
Ballarat Bypass. Bridge girders were built into the central piers with dimensions 
on the top of the column 2m x 1.2m and both abutments giving a jointless deck 
and integral abutments.  
         
Figure 2.14: Two span Integral bridge located on Ballarat Bypass  in Australia (Connal 
2004) 
 
2.7.5 Spain 
 
In 1996 a guideline for the construction of integral bridges was published in 
Spain by the Ministry of Public Works. It is called “Guía para la concepción de 
puentes integrales en carreteras y autopistas”. This guide presents up to date 
world wide experience, examples of constructed bridges and design 
procedures. It also calls for further research and investigation in order to 
improve its content.  
This guide limits horizontal displacement of abutments up to 30mm and skew 
angle up to 30 degrees. The purpose of this limitation is to prevent the rotation 
of the bridge. According to Steinberg (2004), semi-integral bridges with skewed 
approaches have a tendency to rotate toward the acute corners due to thermal 
expansion. 
One example of integral bridges built in Spain is the bridge on the highway Avila 
– Salamanca. It is a 4 span, 65m long, prestressed concrete bridge with integral 
concrete piers of circular shape with D=0.75m  and rigidly connected to the 
0.85m high bridge deck. 
 
          Figure 2.15: Bridge on the highway Avila – Salamanca (Source: Liz 2005) 
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Figure 2.16: Bridge on the highway Avila – Salamanca (Source: Liz 2005) 
 
Another example is a three span bridge in Seville. Its total length is 55m, 
15+25+15m and it consists of 5 prefabricated pre-stressed concrete girders 
which are rigidly jointed to the abutments and piers. 
 
  
Figure 2.17: Three span integral bridge in Seville (Source: Liz 2005) 
 
Figure 2.18: Cross section of the integral bridge in Seville (Source: Liz 2005) 
 
 
In the middle section bridge girders are monolithically connected to 5 circular 
concrete piers of D=600mm. 
 
Bridge over the river 
Urumea, built in San 
Sebastian is also a 3 span 
integral bridge with integral 
middle span concrete piers 
(two in line) of a D=700mm. 
 
Its abutments are not 
circular and have a classic 
design. They are supported 
over 4 steel piles oriented 
with weaker axis towards 
the bridge displacements to 
ensure flexible behaviour. 
                                                   Figure 2.19: Urumea integral bridge (Source: Liz 2005) 
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Figure 2.20: Three span integral bridge over Urumea river in San Sebastian (Source: 
Liz 2005) 
 
2.7.6 International practice 
 
Two examaples of integral bridges with circular concrete piers are given in the 
figures 2.21 and 2.22.  Pier diameters are 1500mm in the case of the first bridge 
and 750mm in the case of the second bridge. Geometry of the prototypes used 
in this analysis is based on the  diameters of the circular  piers  used in the 
integral bridges shown in this chapter. 
 
 
Figure 2.21: Bridge at Kuala Lumpur International airport in Malaysia with  
circular piers rigidly joined with the bridge deck (Tandon 2005) 
 
 
Figure 2.22: Viaduct for Delhi metro in India whose deck is integral with  
abutments and circular piers built of reinforced concrete (Tandon 2005) 
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3. Circular concrete filled tubes (CFT) 
 
3.1 Definition 
 
A concrete filled tube column (CFT) is composed of a steel tube filled with 
concrete. Concrete sections have the advantages of high compressive strength 
and stiffness while steel sections have advantages of high tensile strength and 
ductility. A composite section made of these two materials results in a member 
that has the beneficial characteristics of both materials (Elremaily and 
Azizinamini 2002).  Apart from adding stiffness and compressive strength 
concrete core reduces the potential for inward buckling of the steel tube, while 
on the other hand, steel tube provides longitudinal and lateral reinforcement for 
the concrete core thus increasing its resistance and also preventing it from 
spalling (Hu et al. 2005)  
 
Steel member also provides a continuous confining pressure to the concrete, 
which puts the concrete under a triaxial state of stress which increases its 
strength and ductility (Yu et. al).  The placement of longitudinal steel at the 
perimeter of the section is the most efficient use of the material since it provides 
the highest contribution of the steel to the section moment of inertia and flexural 
capacity (Elremaily and Azizinamini 2002). Generally, this type of columns have 
high strength, high ductility and large energy absorption capacity. (Hu et al. 
2003). 
 
Also, the steel tube serves as a permanent formwork for casting the concrete, 
which reduces construction cost and amount of labor. This is particularly 
important in the case of high columns used in multistorey buildings or tall 
bridges where concrete can be pumped upwards from the base or cast 
downwards from the top of the columns. (Liew and Xiong 2009) 
 
Concrete-filled steel tubular columns have been used for earthquake-resistant 
structures, bridge piers subject to impact from traffic, columns to support 
storage tanks, decks of railways, columns in high-rise buildings and as piles 
(Shanmugam and Lakshmi 2001).  
 
3.2 Types  
 
There are various types of the CFT sections being the most common ones 
circular, square and rectangular shapes.  
Figure 3.1: Most common types of concrete filled tubes 
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Generally the circular-shaped steel tube provides the highest confining effect to 
the concrete. As for the square and rectangular shaped tubes, the concrete 
core and the steel tube cannot keep in contact with each other during the 
ultimate loading stage due to the weak confining effect. In case of circular 
sections local buckling is not likely to occur due to the strong confining effect. 
(Hu et al. 2005) In this work, only the circular shaped concrete filled tube 
columns are investigated. 
 
3.3 Confining effect 
 
One of the important characteristics of the CFT columns is the confining effect 
of the concrete. In the early stages of the loading the confinement effect can be 
neglected since the poisson’s ratio for the concrete (ν=0.15 - 0.22) is lower than 
that for the steel (ν=0.3). At this initial stage of loading, the steel tube expands 
faster than the concrete core in the radial direction therefore not restraining the 
concrete core (Shanmugam and Lakshmi 2001).  
As the longitudinal strain increases, the poisson’s ratio of concrete  increases to 
(ν=0.5) in the inelastic range (Furlong 1967). This happens due to the increased 
microcracking of the concrete after reaching the level of the uniaxial strength 
(Susantha et al. 2001; Johansson 2002; Sakino et al. 2004). Therefore, the 
lateral expansion of the concrete gradually becomes greater than that of the 
steel. Radial pressure is developed at the concrete-steel contact, which 
restrains the concrete core and produces a hoop tension in the steel tube. At 
this moment, the steel tube is stressed biaxially and the concrete core triaxially. 
Since the tube cannot sustain the yield stress longitudinally in the presence of a 
hoop tension there is a transfer of load from the tube to the core.(Shanmugam 
and Lakshmi). 
 
 
            
 
Figure 3.2: Von Mises yield surface, vertical compressive stress σv and horizontal 
tensile hoop stress σh , diagram of a column section showing mean confining stress 
and the hoop stress (Hatzigeorgiou 2008)  
 
 
In this way, the ultimate capacity of the CFT columns is higher than the sum of 
the resistances of their components,which are the steel tube (As·fy) and the 
concrete core (Ac·fc ) (Susantha et al. 2001). The load corresponding to this 
mode of failure can be considerably greater than the sum of the steel and 
concrete, but shear failure may intervene before the load transfer is complete 
(Neogi et al. 1969).  
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Figure 3.3: Equivalent uniaxial stress–strain curves for confined and unconfined 
concrete (Ellobody  2006) 
 
In the uniaxial compression, failure of the unconfined concrete occurs due to a 
combination of shear and splitting failures. In the triaxial compression, failure of 
the confined concrete happens due to the shear failure, while the splitting failure 
is avoided even for the lower confinement level. Shear damage is provoked in 
the restricted area of the maximum stress. With increasing cracking, the 
concrete core is divided into two volumes which are laterally restricted by the 
confinement stresses (Oliveira 2009). Therefore, the residual resistant capacity 
is a result of the equilibrium between the already damaged concrete and the 
confinement stresses (Johansson 2002).  
 
Figure 3.4 : Failure in the concrete core during different load stages (Oliveira 2009) 
 
Only the circular CFT sections gain load capacity due to the confinement effect 
(Shams and Saadeghvaziri 1997, Schneider 1998). The square and the 
rectangular sections do not show this effect because the straight portions of the 
tube section are not stiff enough to resist the internal pressures due to the 
expansion of the concrete core. In this type of sections confinement is limited 
and located in the centre and around the corners as shown in the figure 
Ineffective
confinement
Effective
confinement
Effective
confinement
 
Figure 3.5 : Effectively and ineffectively confined concrete  (Oliveira 2009) 
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3.4 Design provisions 
 
Although the CFT columns are used worldwide nowadays, the understanding of 
the behaviour of this type of columns is still insufficient. There is an enormous 
dissimilarity in the analytical models proposed by the different codes and the 
researchers for evaluating the strength of a CFT column and the effect of 
confinement (Hatzigeorgiou 2008) However, these expressions are all based on 
the sum of the contributions of concrete and steel to column resistance (Oliveira 
et al. 2009). Among the codes which deal with CFT columns, the Eurocode is 
the only one which takes into account the confinement effect, or more precise 
the only code which presents a detailed formulation to estimate this 
contribution. 
 
 
3.4.1 Eurocode EN 1994-1-1    
 
Eurocode treats composite columns and composite compression members in 
EN1994-1-1 Chapter 6.7.  Eurocode defines design rules for the concrete 
encased and the partially encased steel sections and the concrete filled 
sections with or without reinforcement.  
It defines two methods: the general and the simplified method of design, where 
simplified method deals only with doubly symmetrical members which have 
uniform cross section across the members length and which have relative 
slenderness below 2.0.  
This code takes into account the confinement of the concrete by the circular 
steel hollow sections (Ellobody 2006). The EN1994-1-1 equation for the plastic 
resistance of a circular concrete-filled steel tube column is given as: 
 
sd
f
s
A
ck
f
y
f
d
t
ccd
f
c
A
yd
f
a
A
aRdpl
N +








++= ηη 1
,
    (3.1) 
where the values of the coefficients of the confinement for concrete and steel 
tube ηa and ηc depend on the ratio e/d between   the load eccentricity 
e=MEd/NEd and the diameter d of the tube. The confinement effect is considered 
if the relative slenderness of the composite column is lower than 0.5 and the 
load eccentricity is smaller than 10% of the external diameter of the steel tube. 
EN1994-1-1 also excludes the reduction factor of 0.85 for the concrete filled 
tube  strength, because the concrete is protected against environmental attacks 
by the tube (Oliveira et al. 2009). 
 
 
3.4.2 American codes ACI and AISC 
 
In USA there is a long term separation between the design provisions for the 
reinforced concrete and the structural steel and as a result of this American 
codes ACI (American Concrete Institution) and AISC (American Institute of 
Steel Construction) treat differently the concrete filled tube columns. 
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ACI provisions define the capacity of the CFT as the capacity of the ordinary  
concrete column reinforced with the structural steel tubing in addition to the 
reinforcing bars, while the AISC code defines the modified cross sectional 
properties from the composite column and then gives the rules for the design of 
the composite column as an equivalent steel column using these modified 
properties. 
The AISC code uses the following equation to estimate the ultimate capacity of 
the CFT sections: 
    nPcP ⋅Φ=       (3.2) 
   
Φc is the safety coefficient and is equal to 0.75. The value of Pn depends on the 
relation Po/Pe where Po is the ultimate capacity of cross section and Pe is the 
elastic buckling limit.  

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658.00 , if 044.0 PPe ⋅≥        (3.3) 
en PP ⋅= 877.0 , if 044.0 PPe ⋅<                                                    (3.4) 
                                        
None of these two codes explicitly consider the confinement effects on the 
strength or ductility of the member analyzed. As for the interaction between the 
axial and flexural capacity, the provisions in ACI are the same as for the 
reinforced concrete column. In the case of AISC, it is based on the bilinear 
interaction formulas which have the same form as those for the steel columns. 
In addition flexural stiffness is underestimated (Shanmugam and Lakshmi 
2001). 
 
3.4.3 Japanese code AIJ 
 
In Japan, the composite column sections are called the steel reinforced 
concrete SRC and the provision for its design are given by Architectural Institute 
of Japan (AIJ). The design method used in this standard is basically the 
allowable stress design and is based on the elastic analysis of the structures. 
Maximum effective length Lk of the CFT member is limited to Lk/D <50 for the 
compression member and Lk /D<30 for the  beam column. 
The allowable compressive strength depends on the Lk/D  relation and is 
defined by  three formulas depending on this ratio (AIJ). This code also provides 
formulas for calculating the ultimate compressive strength, and the allowable 
and ultimate bending strengths. 
In the chapter which defines the ultimate compressive strength, for the ratio 
Lk/D<4, the ultimate cross sectional compressive strength is given considering 
the confinement of the concrete for the circular shaped tube: 
 
                              ;
D
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l
4≤        
cu
N
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N
ccu
N )1(
1
η−+=        (3.5) 
 
where η = 0.27 for the circular CFT column and η = 0 for the  square CFT 
column (Standard for Structural Calculation of Steel Reinforced Concrete 
Structures, 5th Edition, Architectural Institute of
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3.5 Experimental studies related to circular CFT columns 
 
In the previous 40 years a considerable amount of the experimental and 
analytical studies were done on the composite columns. These studies were 
done to provide information for design provisions. 
 
One of the first studies were done by Burr in 1912. In the following table an 
overview of the studies which took place from 1969-1997 on circular CFT 
columns is presented. 
 
No Author Year Country Shape Loading No of tests 
 1  Furlong RW 1967 USA O N,M No data  
2 Neogi PR et al. 1969 UK O N, M 18 
3 Knowles RB, Park R 1969 New Zel. □ O N & N,M 28 
4 Task group 20 SSRC 1979 USA O N,M 51 
5  Sasaki R 1984 Japan O N,M 21 
6 Prion HGL, Boehme J 1989 Canada O N,M 20 
7 Cai SH 1991 Japan O N,M  27 
8 Rangan BV, Joyce M 1992 Austral. O N,M 9 
9 CFT working group 1993 Japan O N,M 6 
10 O’Brien AD, Rangan BV 1993 Austral. O N,M 9 
11 Fuji R 1994 Japan O N,M 33 
12 Kilpatrick AE 1994 Austral. O N,M 16 
13 Boyd FP et al. 1995  USA O N,M   No data 
14 Kim WJ et al. 1995 Korea O N 14 
15 Matsui C et al. 1995 Japan □ O N & N,M 24 
16 O’Shea MD, Bridge RQ 1995 Austral. O N & N,M 10 
17 Bridge RQ et al. 1995 Austral. O N 12 
18 Kilpattrick AE 1996 Austral. O N,M 57 
19 Thirugnanasundralingam K et al. 1997 Austral. O N,M 8 
20 Kawano A, Matsui C 1997 Japan O N,M 44 
     Total 407 
Table 3.1: Historical overview (1969-1997) of studies done on circular CFT columns 
(source Elremaily 2002, Shanmugam and Lakshmi 2001). 
 
Most of the studies shown in the table 3.1 were done using the  small diameter 
specimens. Most of them were done on 150mm specimens and only some were 
conducted using 200mm tube or above. 
 
In the study done by (Hu et al. 2005), three types of sections were used (6 
specimens of the circular, 6 specimens of the square and 10 specimens of the 
square sections stiffened with steel reinforcing ties. All the specimens were 
subjected to the axial and bending loads. The diameter of the circular tube as 
well as the width of the square tubes were the same 280mm.  
A nonlinear computer program Abaqus was used  to analyze the various 
sections and the verification of the model was done against the experimental 
data. Steel and concrete were modeled with 27 node solid elements with a 
reduced integration rule. Concrete behaviour was modeled by an elastic-plastic 
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theory with associated flow and an isotropic hardening rule while steel 
behaviour was simulated with elastic-perfectly plastic model with associated 
flow rule. The nodes of the concrete core and the steel tube were connected 
with contact surfaces which require matching meshes of the two bodies. 
Coefficient of friction between the two surfaces was 0.25. The concrete and the 
steel elements were allowed to separate, but were not allowed to penetrate 
each other. As for the model it was proven that the mesh refinements and 
changing the size of the elements did not affect the results. The results of the 
numerical analysis were contrasted by the experimental results obtained by (Liu 
et al. 2003 cited in Hu et al. 2005) and their comparison is shown in the figure 
3.6: 
 
 
Column no. Ultimate moment (kNm) Error [%] 
  Experiment Analysis   
CU-0 131,8 131,7 0,08 
CU-0,23 154,6 153,8 0,52 
CU-0,34 164,3 161,4 1,77 
CU-0,45 182,3 182,1 0,11 
CU-0,56 171,8 2171,9 0,05 
CU-0,74 161,9 159,5 1,43 
 
Figure 3.6: Experimental results obtained by Liu et al. (2003) cited by Hu et al. (2005)  
 
It was proven that the circular tubes can provide a confining effect to the 
concrete core and that the lateral confining pressure increases with the increase 
of the axial load ratio.  In addition it was shown that the confining effect is much 
higher for the circular tubes than for those of square shapes and that the 
reinforcing ties in the square tubes increased the confining effect.  
 
Column 
no. 
Axial force 
F[kN] 
Fu 
[kN] 
D or B 
[mm] 
t 
[mm] 
D/t or 
B/t 
Length 
[mm] 
Steel tube 
fy [MPa] 
Concrete 
fc'  [MPa] 
CU-0 0 2390 280 4 70 1100 285 24,2 
CU-0,23 542 2390 280 4 70 1100 285 24,2 
CU-0,34 812 2390 280 4 70 1100 285 24,2 
CU-0,45 1200 2690 280 4 70 1100 288 29,1 
CU-0,56 1354 2390 280 4 70 1100 285 24,2 
CU-0,74 2000 2690 280 4 70 1100 288 29,1 
 
Column 
no. 
Ultimate moment (kNm) Error [%] f l [MPa] f l / fy k3 k4 
 Experiment Analysis      
CU-0 131,8 131,7 0,08 0.00 0.0000 1.00 0.70 
CU-0,23 154,6 153,8 0,52 0.00 0.0000 0.93 1.00 
CU-0,34 164,3 161,4 1,77 1.33 0.0047 0.75 1.00 
CU-0,45 182,3 182,1 0,11 2.58 0.0090 0.65 1.00 
CU-0,56 171,8 171,9 0,06 3.50 0.0123 0.55 1.00 
CU-0,74 161,9 159,5 1,48 3.70 0.0129 0.61 1.00 
 
Figure 3.7: Summary of the results for circular CFT columns in the analysis (Hu et al. 
2005) 
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The experimental study conducted by (Oliveira et al. 2009) was done using 16 
circular CFT columns subjected to the concentric loading. The concrete 
compressive strength fc and the L/D ratio were varied. All the tubes were of a 
small diameter D=114.3mm and the thickness was t=3.35mm. As expected the 
load capacity increased with increase in the concrete strength and decreased 
with the increase in L/D ratio. It was also proven that Eurocode was the most 
accurate out of the 4 codes used. Shorter specimens L/D=3 showed a higher 
increase of load capacity due to the confinement effect, with ultimate state 
being the crushing of the concrete core and outward buckling of the steel tube. 
At the same time longer tubes L/D=10, showed lower confining effect since the 
global buckling occurred first reducing the radial deformation of the concrete 
core and avoiding the confinement effect. 
 
In the study undertaken by (Schneider 1998), 14 specimens of 17<D/t<50 and 
4<L/D<5 were analyzed. Three circular tubes which were tested were of a small 
diameter 140mm. Apart from the experimental study, the analytical study using 
non-linear numerical model and the software Abaqus was done using 20 node 
brick element for the concrete and 8 node shell element for the steel tube. The 
numerical model showed very similar results to the experiment data, showing 
lower values in elastic region and higher values in the non-elastic stage. &The 
results showed that circular tubes offer much more post-yield axial ductility than 
the square or rectangular tube sections. The study also demonstrated that 
significant confinement was not present until the axial load did not reach 92% of 
the yield strength of the column. Moreover, local wall buckling for the circular 
tubes occurred at an axial ductility of 10 or more, while for the square and 
rectangular tubes it occurred at ductility between 2 and 8. 
 
The extensive experimental study was done by Fujimoto et al. (2004) on 33 
circular CFT  sections with D/t ratio which varied from 16.7 to 152 and the 
medium to high strength concrete (24.5 – 77.6 MPa) and the medium to high 
tensile strengths of the steel tubes (262-835 MPa). Tubes ranging from 
D=150mm to 450mm were used. These specimens were loaded by eccentric 
axial force. It was shown that the higher strength concrete caused a reduction in 
the ductility of a circular CFT column, while the ductility improved by confining 
the concrete in the higher strength steel tubes and by having a smaller D/t ratio. 
This is demonstrated in the figure 3.8. 
 
 
 
Figure 3.8: Ductility increases by lowering D/t ratio and by increasing the steel tube 
strength (Fujimoto et al. 2004) 
 
Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 26 - 
In several studies performed by O'Shea and Bridge (1997) on circular CFT 
columns under the axial and eccentric loading it was concluded among other 
things that the greatest concrete confinement occurs for axially loaded steel 
tubes with only the concrete loaded and the steel tube used only as 
circumferential restraint. It was also proven that the Eurocode 4 provided the 
best estimation of the strength of circular CFT when the steel and the concrete 
were loaded simultaneously. Under the combined axial and bending loading 
and with the concrete strengths <50, EC4 can be used with no reduction for 
local buckling. Also for eccentricities < D/20 and concrete strengths <80MPa, a 
confined concrete stress-strain curve determined from uniaxial tests can be 
used, while in all the other cases it should not be used. 
 
Figure:3.9 Failure of  experimental  
specimen in comparison to the failure 
 on finite element model (Ellobody et al. 2006)  
 
The numerical analysis study was undertaken 
by (Ellobody et al. 2006) using finite element 
software Abaqus. In this study a numerical 
model was designed and its validity contrasted 
against the experimental results obtained from 
the experimental studies done by (Sakino et al. 
2004) and by (Giakoumelis and Lam 2004). 
The comparison table 3.10 is shown below. In 
the numerical analysis D/t ratio ranged from 15 
to  80. In order to model the concrete 
behaviour, the Drucker Prager yield criterion 
available in Abaqus was used, while in the case of the steel tube the Elasto-
Plastic model was implemented. The interface between the concrete and steel 
was modeled using interface elements which consist of 2 matching contact 
faces of the steel and concrete elements. The interaction properties set in the 
model allowed the separation of the steel and concrete elements but did not 
allow any penetration. The friction coefficient between these faces was set to be 
0.25. In case of both materials, the 3D finite elements were used (C3D8). The 
top and the bottom surface were fully restrained (fixed) except for the 
displacement in the direction of loading on the loaded surface.  
Specimen PTest [kN] PFE [kN] PTest / PFE 
C1 539,0 534,9 1,01 
C2 805,8 801,0 1,01 
C7 1380,0 1364,0 1,01 
C9 1413,0 1511,5 0,93 
C8 1787,0 1805,6 0,99 
C12 998,0 1015,9 0,98 
C11 1067,0 1144,0 0,93 
C14 1359,0 1419,3 0,96 
CC6-C-0 1768,0 1764,0 1,00 
CC6-D-0 2778,0 2772,0 1,00 
CC6-C-2 3035,0 3228,0 0,94 
CC6-C-4-2 3647,0 3820,0 0,95 
CC6-C-8 5578,0 5280,0 1,06 
CC6-D-2 5633,0 6000,0 0,94 
CC6-D-4-1 7260,0 7440,0 0,98 
CC6-D-8 11505,0 11640,0 0,99 
Figure 3.10: Numerical results from (Ellobody et al. 2006) compared to experimental 
results from (Sakino et al. 2004) and (Giakoumelis and Lam 2004).  
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This study showed that numerical analysis using Abaqus can be successfully 
conducted what is shown in the table where PTEST/PFE ranges from (0.93-1.06) 
which is a good result. At the end of this study it was concluded that the 
American and the Australian codes are conservative and that the Eurocode 
provided generally unconservative results for the circular CFT columns. 
 
Recently, (Giakoumelis and Lam, 2004) studied effects of the steel tube 
thickness, the bond strength between the concrete and the steel tube, and the 
confinement of the concrete on 15 circular specimens of D/t ratio 22.9-30.5. The 
concrete strengths were varied from 30, 60 to 100MPa. In addition, two types of 
experiments were done, those with greased and un-greased surface.   
 
The results showed that as the 
concrete strength increases, the 
effects of the bond of the concrete 
and the steel tube become more 
influencing. Only in the case of 
the high strength concrete 
(100MPa) was there a more 
significant difference between the 
non-greased and the greased 
specimens. This variation was 
smaller for 60 MPa concrete while 
for normal strength concrete, the  
Figure 3.11 Axial – displacement diagram           reduction on the axial capacity due 
for greased and ungrease specimens                  to the loss of bonding between  
(Giakoumelis and Lam, 2004)                             the  steel and the  concrete was               
negligable. In addition, it was 
shown that the high-strength CFT 
columns achieved the peak load 
with small shortening while in the 
case of the normal strength CFT 
columns peak load was gained 
after larger displacements.  
As for the comparison with code 
provisions results demonstrated 
high differences between  
 Figure 3.12 Axial – displacement diagram             designed resistance and              
Load displacement diagram for                       experimental (up to 35% for ACI  
normal and high concrete strengths                and AS) while in the case of  
(Giakoumelis and Lam, 2004)                            Eurocode reduction was better with                           
                                                                       17% as the biggest difference. 
 
In an extensive study conducted by (Sakino et al. 2004), 114 tubes were 
examined, with varying the D/t, the steel strengths (400, 600, 800 MPa), the 
concrete strengths (20, 40, 80 MPa) and the shapes (circular and square). At 
the end of the study, the design formulas were proposed for both shapes. In the 
case of the circular tubes it was concluded that the difference between the 
ultimate strength obtained in the experiments and the theoretical nominal 
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resistance without taking into account the confinement of the concrete, 
increases in case of using the steel tubes with higher resistance, ie. the 
confinement level of the concrete increases by increasing the yield strength of 
the steel tubes. 
 
(Johansson 2002) performed the experimental and analytical study on the 
circular CFT columns  to study the behaviour of the circular CFT columns under 
the different loading conditions, and to study how it was influenced by the 
confinement and by the bond strength between the steel tube and the concrete 
core. He proved by both the experimental and the analytical studies that the 
behaviour was greatly influenced by the method of load application onto the 
column. He also proved that the bond strength had no influence when the steel 
and the concrete were loaded simultaneously but that it had a great influence if  
load was applied only on the concrete. 
 
  
Figure 3.13 Different loading conditions – concrete only, steel only, both materials 
(Johansson 2002) 
 
The experimental program examined 3 different loading conditions (the steel 
only, the concrete only and the combined) on 9 circular CFT specimens, while 4 
specimens of the empty circular tubes were loaded as a control. The high 
strength concrete was used (80 MPa).  
 
 
Figure 3.14 :Influence of loading conditions on structural response of CFT tubes. On 
the left, specimens after testing, on the right: load-displacement diagram for different 
load cases (Johansson 2002) 
 
The results of the analysis are shown on the figure above (from left to right: the 
combined loading, only the steel loaded, only the concrete loaded, the empty 
steel tube loaded). It was observed that the load resistance was drastically 
reduced when the load was applied to the steel section only, in comparison with 
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the loading of the entire section or the concrete section only. Furthermore, when 
the load was applied only to the concrete section, the resistance was almost the 
same as for the CFT column and almost twice the plastic resistance of the 
concrete alone which is due to the confinement. The difference between the 
steel loaded only CFT and the steel tube only is that the first buckled only 
outwards and eventually gained full CFT strength after the steel tube shortened 
enough for the concrete to come into contact with the pressing plate, while the 
'steel tube only' collapsed after inward and outward buckling. 
For the analytical study, the finite element software Abaqus was used. Steel 
and concrete were both modeled with the solid elements (eight-node solid 
elements for the steel and both eight-node and six-node elements for the 
concrete). In the case of the concrete a smeared crack constitutive model 
offered by Abaqus was used while in the case of the steel an elastic-plastic 
model with the von Mises yield criterion, associated flow rule, and isotropic 
strain hardening, was chosen. The numerical model was used to explain the 
effects of the different loading conditions and the bond between the steel tube 
and the concrete core. 
 
Huang et al. (2002) also used the finite element software Abaqus. The 
numerical and experimental study was conducted on various types of CFT 
columns among which the circular columns were also studied. The concrete 
and the steel tube were modeled by the 27-node solid elements and the bond 
between them with the nine-node interface elements. The friction coefficient 
was set to 0.25 and slipping was allowed between these surfaces. Steel was 
again modeled as elastic-perfectly plastic material which follows the Mises yield 
criterion. To consider the behavior of the concrete core in the multiple stress 
condition, the linear Drucker–Prager model was applied.  
To account for the confinement, uniaxial 
curve of compressive stress –strain was 
used where: 
                                                                                            
                       (3.6) 
 
 
 
where k1=4.1, k2=20.5 based on the studies 
of Richart et al. (1928). The stress-strain 
relationship up to (f'cc, εcc) was set as                                                              
modified Saenz's (1964) equation: 
Figure 3.15: Concrete constitutive  
model used by (Huang et al. 2002) 
   
 (3.7) 
 
 
 
 
Rs and Re were taken as 4. The stress-strain relationship after (f'cc, εcc)  was 
linear. The k3 and f1 were taken by matching the experimental results with the 
numerical methods. It was concluded that the numerical method showed good 
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agreement with the experimental studies. It was also shown that the circular 
columns performed better than the square ones even for the high D/t ratios 
(D/t=150), showing the best behaviour when lowering this ratio.  
In the work done by Hatzigeorgiou (2008) a simple analytical model which 
shows the behaviour of the circular CFT columns was developed. The analytical 
model proposed for the concrete consisted of 3 regions and for the steel a 
bilinear model considering hardening was used. A new empirical equation for 
the hoop stress of the tube was presented.   
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A comparison of this model under combined axial and bending actions with the 
other numerical and experimental studies showed a good correlation. The 
results of this model were compared to the studies done by O'Shea and Bridge 
(2000) and to the Eurocode 4. At the end, the analytical interaction diagram was 
introduced by polynomial expressions. In addition, several modifications are 
suggested for an existing building code. 
 
As a summary, research studies conducted over the past 12 years (1998-2009) 
are presented in the table 3.2. The majority of these studies were consulted in 
writing this document. 
Author Year Country Shape Loading 
S.P. Schneider 1998 USA □ O axial  
M.D. O’Shea and R. Q. 
Bridge 2000 Australia O axial and bending 
N.E.Shanmugan 2001 Singapore □ O state of the art report 
A.H.Varma et al. 2002 USA □ O 
axial and bending static and 
cyclic 
C. S. Huang et al 2002 Taiwan □  axial  
A. Elremaily and A. 
Azizinamini 2002 USA O 
axial static and bending 
cyclic 
M. Johansson and K. Gylltoft 2002 Sweden O axial  
H.T. Hu et al. 2003 Taiwan □ O axial  
G. Giakoumelis and D. Lam 2004 UK O axial  
T. Fujimoto et al 2004 Japan □ O axial and bending 
K. Sakino et al. 2004 Japan □ O axial  
E. Ellobody et al. 2006 
Egypt, Hong 
Kong, UK O axial  
Hsuan-Teh Hu et al. 2005 Taiwan □ O axial and bending 
Zhi-wu Yu et al. 2007 China, USA O axial  
G. Hatzigeorgiou 2008 Greece O axial  
G. Hatzigeorgiou 2008 Greece O axial and bending 
K. Abedi et al. 2008 Iran O axial static and cyclic 
J.Y.R.Liew and D.X.Xiong 2009 Singapore O axial  
H. Valipour and S. Foster 2010 Australia O axial and bending 
Q.Q. Liang and S. 
Fragomeni 2010 Australia O axial and bending 
W.L.A. Oliveira et al.  2009 Brasil O axial  
 Table 3.2: An overview of the research studies on circular CFT columns conducted in 
the period from (1998-2009) 
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3.6  Design of CFT columns according to EN1994-1-1    
 
3.6.1 General 
 
The verification of the composite steel columns is defined by EN1994-1-1  in the 
Chapter 6.7 'Composite columns and composite compression members'. 
Eurocode defines three types of sections: 
 
a) concrete encased sections 
b) partially encased sections 
c) concrete filled rectangular and circular tubes 
 
 
Figure 3.16  Types of composite columns defined by EN1994-1-1 
 
 
One of the conditions which should be satisfied is the steel contribution ratio  δ 
which should lay in between the following values: 
 
9.02.0 ≤≤ δ                                                    (3.9)                                                                  
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where Npl is the plastic resistance to compression. 
 
In order to neglect the effects of local buckling a following criterion can be 
applied for circular hollow steel sections with filled in concrete: 
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d-diameter 
t-thickness of the steel member 
 
 
 
 
 
Figure 3.17: Cross section of circular CFT  
 
In the analysis of the sections presented in this thesis, three out of twelve 
specimens are susceptible to local buckling according to this criterion.  
 
EN1994 provides two methods of design of composite columns: 
 
a) general method  
b) simplified method 
 
The general method is provided for the members which have non-symmetrical 
or non-uniform sections across the column height, while the simplified method 
includes the members of doubly symmetrical and uniform cross section across 
the height of the column. 
 
The simplified method is applied to obtain the theoretical resistance of the 
circular sections in this analysis. Generally, the simplified method can only be 
applied if the relative slenderness fulfills the following criterion:  
 
0.2≤λ               
cr
Rkpl
N
N ,
=λ                   (3.12) 
 
The plastic resistance of the cross section subjected to compression can be 
calculated as follows: 
 
sdscdcydaRdpl fAfAfAN ++= 85.0,                                   (3.13) 
  
This expression applies for the concrete encased and partially encased sections 
while in the case of the concrete filled sections, the  coefficient 0.85 is changed 
with 1.0 and the above defined expression is as follows: 
 
sdscdcydaRdpl fAfAfAN ++=,                                        (3.14) 
 
The plastic resistance of the cross section subjected to compression and 
bending at the same time is calculated with the aid of interaction diagram M-N. 
y
z
D
t
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Figure: 3.18  Interaction diagram as defined by EN1994-1-1 
 
For partially encased concrete section, the interaction diagram can be 
calculated as shown in the figure below: 
 
  
Figure 3.19: Construction of interaction diagram is done by neglecting tensile strength 
of the concrete 
 
According to the EN1994, in the construction of the diagram the tensile strength 
of the concrete is neglected.  
 
In the cases where the cross section is subjected to the combined effect of the 
bending, axial and shear forces, the resistance of such cross sections should be  
reduced by using  the reduced shear area Av with the help of the coefficient:  
(1-ρ)fyd, if the shear force Va,Ed  on the steel section exceeds 50% of the design 
shear resistance Vpl,a,Rd of the steel section. Va,Ed which acts on the steel and 
Vc,Ed which acts on the concrete part can be determined as following: 
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Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 34 - 
  
EN1994 enables simplification of the interaction diagram by replacing it with the 
polygonal diagram. The interaction diagram of a fully encased cross section is 
shown on the figue 3.20.  
 
 
 
Figure 3.20: Simplified construction of interaction diagram by EN1994-1-1 
 
In case of the concrete filled sections, the coefficient 0.85 is taken as 1.0. 
Account  may also be taken of the increase in the strength of the concrete 
caused by confinement effect if the following criteria are fulfilled: 
 
• relative slenderness 5.0=λ  
• e/d<0.1   
 
where 'e' is the eccentricity of the load e=MEd/NEd and 'd' is the column 
diameter. In that case plastic resistance to compression may be calculated as 
follows: 
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Where the coefficients ηa and ηc are determined as follows: 
 
For e=0:    
)23(25.0
0
λη +⋅=
a
     )0.1( ≤but                                      (3.18) 
 
)
2
175.189.4
0
λλη +−=
c
  0( ≥but                                   (3.19) 
 
Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 35 - 
For 0<e/d<0.1 : 
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For e/d>0.1,   ηa=1.0 and  ηc=  0                                                                 (3.22) 
 
ie.  the confinement does not take place or is not considered                             
 
3.6.2 Resistance of the members in axial compression  
 
For the members subjected to the axial compression, the normal force NEd 
should satisfy the following: 
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where the Npl,Rd is defined as explained above, and the reduction factor χ is 
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Npl,Rk is defined as Npl,Rd if instead of design strengths we use characteristic 
values, while the Ncr is the elastic critical normal force for the relevant buckling 
mode calculated with effective flexural stiffness  (EI)eff .  
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Ke is the correction factor taken as 0.6 , while the Ia, Is, Ic are the second 
moments of inertia for the steel, uncracked concrete and reinforcement. 
 
Relative buckling curve for the circular hollow steel section is given in the table 
below. In this table ρs is the reinforcement ratio:  ρs=As/Ac which in this analysis 
is taken as 0 since the prototypes were analyzed without the reinforcement. 
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Figure 3.21: Buckling curve and initial imperfection for the circular CFT columns 
depending on ratio of the reinforcement steel in the concrete. 
 
Apart from that, in the table presented above, initial imperfections for the 
circular CFT cross section are given. They also depend on the ratio of the 
reinforcement steel in the concrete. 
              
3.6.3 Resistance of the members in combined compression and uniaxial 
compression  
 
When the members are subject to the combined bending and the axial 
compression,  the following expression based on the interaction diagram can be 
used: 
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In this expression Mpl,N,Rd is the plastic bending resistance taking into account 
the normal force NEd = µd Mpl,Rd. 
 
For the steel grades S235 to S355  αM should be taken as 0.9 while it should be 
0.8 for the higher steel grades S420 and S460. 
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4 Numerical modeling 
 
4.1 Introduction 
 
In this analysis, the nonlinear finite element method software Abaqus is used to 
perform numerical simulations of circular CFT columns which are subjected to 
axial forces of compression and bending moments.   
 
The program uses two main solvers: Implicit solver Abaqus/Standard which is 
commonly used for nonlinear static simulations or low speed dynamic events 
and the explicit solver Abaqus/ Explicit which is suitable for solving dynamic  
and quasi-static simulations. In the Abaqus explicit,  the model can be subjected 
to fast events which result in big deformations (Abaqus user manual 6.9). Apart 
from that the Abaqus/Cae is the pre-processing and post processing program  
which is used to set up, edit, monitor and visualise the simulations.  
 
The Abaqus is based on a very robust theoretical framework and has a wide 
material modeling capabilities which is one of the reasons why it is very popular 
among the academic institutions in research programs. There are numerous 
examples where the results of the Abaqus finite element analysis are compared 
with the experimental data showing its potential.  
 
In this study, the Abaqus/CAE was used to prepare the simulations while the 
Abaqus/Standard was used to run the nonlinear analysis of the models. 
 
To make a valid simulation of the behaviour of the Circular CFT columns, the 
modeling has to be done properly. The main elements which have to be 
modeled are the steel tube, the concrete which has to be confined, and the 
interaction between the steel and the concrete. Apart from these parameters, it 
is also important to choose the appropriate type of the finite elements and the 
size of the mesh in order to obtain as accurate results as possible with 
reasonable computing time. 
 
 
 
 
Figure 4.1: Software package Abaqus 6.9 used in nonlinear numerical analysis 
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4.2 Geometry 
 
The analysis is conducted on the three-dimensional numerical model. This 
model consists of four independent components which are later relationed to 
each other by interaction model and constraints. The circular steel tube, with the 
outer diameter D, the inner diameter d and the height h, the circular concrete 
core with the diameter d and the height h, and the two thick steel plates make 
up the geometry of the model. No clearance exists between the concrete core 
and the steel tube. The purpose of placing the thick steel plates on the top and 
the bottom is to simulate the real conditions of the column in an integral bridge.   
 
D
d d
Steel tube Concrete core
   
Figure 4.2: Steel tube and concrete core   Figure 4.3:Steel plates at the top and bottom 
 
         
Figure 4.4: Three-dimensional steel tube   Figure 4.5: Three-dimensional concrete core 
 
  As it can been seen here, the geometry of the steel 
tube is introduced as the three dimensional solid. This 
can present certain advantages and disadvantages. 
Among the advantages are the clear separation of the 
steel-concrete boundaries, and the possibility to mesh 
the steel tube with several layers of the finite elements 
which provides more data for results analysis. One of 
the main disadvantages is the increased computing 
time, and a possibility to get slightly wrong results in 
case of using only one layer of finite elements in the 
steel tube. In some of the previous studies (Ellobody et 
al. 2006, Hu et al. 2005, Johansson 2002, Huang et al. 
2002) the circular steel tube was modeled as a three-
dimensional solid element. 
 
Figure 4.6 :Complete model geometry 
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4.3 Finite elements used 
 
In the study done by Ellobody et al. (2006) in the analysis of the axially loaded 
circular CFT columns, the finite element method was developed by the program 
Abaqus using the three dimensional eight – node elements for the concrete 
core and the steel tube. According to the authors of that study, the 3D solid 
elements were found more appropriate for the study because of the previous 
decision to model only the compact steel tubes , and because of the clearly 
defined boundaries of their elements. The efficiency of these elements was first 
verified by modeling the empty circular compact steel tubes and comparing the 
FE results with the results of the tests conducted by Giakoumelis and Lam 
(2004) and Sakino et al. (2004).  
 
In another study done by Hu et al. (2005),   both the concrete core and the steel 
tube were modeled by 27-node solid elements with a reduced integration rule.    
 
In the study undertaken by (Schneider S.P. 1998), concrete was modeled using 
20 node brick element, while the steel tube was modeled using the 8 node shell 
element. 
 
Author 
Subject 
analyzed 
Software 
used 
Cocrete finite 
elements 
Circular steel 
tube finite 
eleements 
Square steel 
tube finite 
eleements 
Schneider 
1998 
Circular CFT 
columns Abaqus 1994 
20 node brick 
element 
8 node shell 
element  
Varma 
2002 
Square CFT 
column Abaqus 5,8 
6 node tetrahedral 
and 8 node brick 
element 
4 node shell 
element  
Johansson 
2002 
Circular CFT 
columns Abaqus 5,7 
6 node and 8 
node solid 
elements 
8 node solid 
elements   
Huang et 
al.2002 
Square and 
circular CFT Abaqus  
27 node solid 
element 
27 node solid 
element  
Hu et al. 
2005 
Circular CFT 
columns Abaqus  6.2 
27 node solid 
element 
27 node solid 
element  
Ellobody 
et al. 2006 
Circular CFT 
columns Abaqus  6.3 
8 node solid 
element 
8 node solid 
element  
J.Y. 
Richard 
Liew 2008 
Square and 
circular CFT Abaqus  Solid C3D8R 
Continuum 
shell element 
SC8R 
Shell element 
S4R 
Table 4.1: Overview of the numerical finite lement studies using Abaqus and the types 
of finite elements used 
 
In the analysis presented in this document, C3D8R, 8 node linear brick 
elements with reduced integration and hourglass control are 
used for both materials, thesteel tube and the concrete core. 
 
The eight node C3D8R brick element  with reduced 
integration is a general purpose linear brick element  with 
only 1 integration point. 
   
Figure 4.7: Eight node C3D8R brick element  with reduced 
integration 
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Full integration refers to the minimum Gauss integration order required for exact 
integration of the strain energy, while the reduced integration refers to a Gauss 
integration rule of one order less than full integration. In other words, if an 
element requires an x • y • z Gauss rule to integrate the element matrix exactly 
then (x-1) • (y-1) • (z-1) is the reduced integration rule.  
 
Many element types use the reduced integration in Abaqus to form the element 
stiffness. In this case, the mass matrix and distributed loadings are still 
integrated exactly. The reduced integration usually provides more accurate 
results  and significantly reduces the running time, especially in three 
dimensions. When reduced integration is used with first-order (linear) elements, 
hourglass control is required. If hourglassing occurs, a finer mesh may be 
required or concentrated loads must be distributed over multiple nodes (Abaqus 
manual 6.9) 
 
              
Figure 4.8:  8 node hexahedron (brick) element (Source Abaqus user manual 6.9) 
 
The Abaqus manual 6.9 suggests using a fine mesh of linear, reduced 
integration elements (CAX4R, CPE4R, CPS4R, C3D8R) for simulations 
involving large strain analysis. It also suggests using hexahedral (brick-shaped) 
elements for simple geometries, while in case of the complex geometries, the 
wedge and tetrahedral elements may be necessary. In addition, the use of fine 
mesh of linear, reduced-integration elements is advised for the contact 
problems. According to the Abaqus manual, the first-order, reduced-integration 
elements are prone to hourglassing which can be minimized by sufficient mesh 
refinement. 
 
Since the aim of this investigation is to study the column behaviour under lateral 
displacements induced by the bridge deck dilatations in the upper portion of the 
column, there is a need of a numerical model which can successfully simulate 
the structural response under these conditions. The geometry of the model has 
to include the part of the bridge deck and the part of the foundations which are 
simulated by the two large plates, and on the other side  special attention has to 
be paid to the interface between the steel tube and the concrete core. Apart 
from that, there is a need for a model which requires a reasonable calculation 
time. Keeping in mind all these characteristics (large strains, contact problems,  
geometry, reasonable calculation time), an 8 node brick element with reduced 
integration was chosen as most suitable for this study and was applied to both 
materials. 
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4.4 Materials and the constitutive models used  
 
4.4.1 Steel 
 
In case of the steel tube an elastic perfectly-plastic model with associated flow 
rule was applied. This model allows for isotropic yield.  When the steel tube is 
subjected to multiple stresses, the elastic limit is defined by the von Mises yield 
criterion: 
 
y
JF σσσσσσσ =−+−+−== 2)
13
(2)
32
(2)
21
(
2
1
23               (4.1) 
 
-σ1, σ2,  σ3 are the principal stresses 
-J2 is the  second stress invariant of the stress deviator tensor  
 
If the stresses are inside the yield surface, 
the behavior of the steel tube is linearly 
elastic. If the stress points  reach the yield 
surface, the behavior of the steel tube turns 
to perfectly-plastic. If the loading is 
continued, the steel tube will eventually fail 
and will not be able to resist any further 
loading (Hu et al. 2005).  
 
Figure 4.9: von Mises yield surface in the3-D principal stress space (Hu et al. 2005) 
 
Poisson's ratio is taken as 0.3 and 
the elastic modulus of elasticity as 
210GPa. All the specimens were 
analyzed with the steel yield point at 
355MPa. As shown in the figure 4.10, 
in this study a perfectly plastic 
material with no hardening is defined, 
i.e. the yield stress does not change 
with the plastic strain. 
 
Figure 4.10: Elastic-perfectly plastic stress-strain curve for steel (Hu et al. 2005) 
 
Abaqus uses associated plastic flow, i.e. as the material yields, the inelastic 
deformation rate is in the direction of the normal to the yield surface. This 
assumption is generally acceptable for most calculations with metals (Abaqus 
manual 6.9). 
 
4.4.2 Concrete 
 
In the case of the concrete a nonlinear constitutive model called Concrete 
Damage Plasticity available in the software Abaqus 6.9 is chosen. This model is 
plasticity based continuum damage model. 
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According to the Abaqus manual (6.9) this model assumes that the main two 
failure mechanisms are the compressive crushing and the tensile cracking of 
the concrete material. The evolution of the yield surface is controlled by two 
hardening variables, the tensile equivalent plastic strain (εtpl) and the 
compressive equivalent plastic strain (εcpl) which are  linked to the failure 
mechanisms under tension and compression loading.  
 
In the uniaxial tension the stress-strain response follows a linear elastic 
relationship until it reaches the value of the failure stress σ t0. After reaching the 
failure stress, the micro-cracks occur which is characterized by the softening 
stress-strain response.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 :Stress-strain relation in uniaxial tension in Concrete Damaged Plasticity 
model (Source: Abaqus user manual 6.9) 
 
In the case of uniaxial compression, the stress- strain relation is liner until 
reaching the initial yield point σc0 , which is followed by stress hardening until 
the ultimate stress σcu , after what the stress softening occurs. 
 
 
Figure 4.12: Stress-strain relation in uniaxial compression in Concrete Damaged 
Plasticity model (Source: Abaqus user manual 6.9) 
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The uniaxial stress-strain curves are converted automatically by Abaqus into the 
stress-plastic strain curves by using the data provided by the user: 
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They are a function of the equivalent plastic strains, the equivalent plastic strain 
rates, the temperature and the field variables. 
In this model, when the concrete is unloaded, from the strain softening part of 
the diagram, the unloading response is weakened, i.e. the elastic stiffness of 
the material is damaged. This degradation is characterized by two variables dt 
and dc which are the functions of the plastic strains, the temperature and the 
field variables. 
 
The stress-strain relationships under uniaxial tension and compression are: 
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E0 is the initial undamaged elastic stiffness of the material 
 
In the case of multiaxial behaviour, stress-strain relations for the are given by 
the scalar damage elasticity equation: 
 
(4.6) 
 
-D0el is the initial undamaged elasticity matrix 
-d is scalar stiffness degradation variable generalized to the multiaxial stress 
 
The parameters which are define by the author for the Concrete Damage 
Plasticity model are the following: 
-for the plasticity, dilatation angle: 30, eccentricity 0.1, fb0/fc0=1.16, 
K=0.667, viscosity parameter=0 
-for the compressive behaviour it is taken that the material yields at the 
30MPa and that at  the plastic strain of 0.0025  the strain softening occurs 
until it reaches the plastic strain of 0.004. 
-for the tensile behaviour the yield stress is taken as 2.5MPa (0.09fc') 
 
Poisson's ratio is taken as 0.2  
 
4.5  Nonlinearity in structural mechanics simulations 
 
A nonlinear approach is applied in this study. The computer software Abaqus 
allows for nonlinearity in the analysis. Generally there are three sources of 
nonlinearity in structural mechanics simulations:  
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a) Material nonlinearity which accounts for the changes in linear stress-
strain relationship at higher strain values;  
 b) Boundary nonlinearity which accounts for changes in the boundary 
conditions during the analysis. In the case of CFT columns interaction between 
the concrete core and the steel tube is a source of boundary non-linearity as the 
contact conditions change over time, i.e. steel and concrete surfaces are 
allowed to touch or separate but are not allowed to penetrate 
c) Geometric nonlinearity which is present whenever the magnitude of 
the displacements affects the response of the structure. Since the columns of 
the integral bridges are disposed to both axial compressive forces and bending 
moments, axial force creates additional moments due to lateral displacements 
which occur in the column. 
 
For load incrementation, Abaqus uses the modified Riks method in order to find 
the static equilibrium states during the unstable phase of response. This method 
is useful for geometric and material nonlinearity. It uses the magnitude of load 
as an additional unknown and solves simultaneously for loads and 
displacements. That is why, in order to measure the progress of the solution 
another quantity must be used and this quantity is called the “arc length,” l, 
along the static equilibrium path in load-displacement space. This approach 
provides solutions regardless of whether the response is stable or unstable.  
 
As for the iteration process, Newton Raphson method is used. Thus, the 
software combines incremental and iterative procedures for solving the 
nonlinear problems. As contrary to the linear problem, in the non-linear analysis 
the solution cannot be calculated by solving a single system of equations, the 
solution is found by applying the loads gradually and in increments until 
reaching the final solution. Simulation is divided into a number of load 
increments and the approximate equilibrium configuration is found at the end of 
each load increment. Hence, the sum of all of the incremental responses is the 
approximate solution for the nonlinear analysis. 
 
 
Figure 4.13: First iteration of the non-linear process solving in Abaqus (Source Abaqus 
User Manual 6.9)  
 
Convergence in Abaqus is performed by creating a small load increment ∆P, 
and using the initial stiffness K0 based on initial u0 to calculate a displacement 
correction ca. After that ua can be calculated, and on its basis a new stiffness Ka 
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and Ia. The difference between the total applied load P and Ia is calculated as a 
residual force Ra. Abaqus now compares Ra to a tolerance value and if it is 
lower, P and Ia are in equilibrium and ua becomes a valid equilibrium 
configuration for the structure under the applied load. In addition to that, 
program checks that the displacement correction ca is small enough compared 
to the total incremental displacement. ∆ua= ua-uo. If ca > 1% software performs 
another iteration. Both checks must be satisfied before it is said that solution 
has converged for that increment.  
 
Figure 4.14 : Further iterations in order to try to bring the system closer to equilibrium  
(Source Abaqus User Manual 6.9)  
 
If this is not the case, the program iterates using Ka and Ra to calculate the new 
displacement correction cb that brings the system closer to the equilibrium (point 
b). Now, new residual force Rb is calculated using the internal forces from the 
new configuration ub. The same checks are performed as before and depending 
on them a new load increment is performed (in case of convergence), or 
otherwise the new iteration is performed to try to bring the internal and external 
forces into the balance. 
 
4.6 Interaction between concrete and steel 
 
According to the Abaqus manual 6.9, there are two types of contact simulations 
in Abaqus/Standard:  
- surface based or  
- contact element based.  
 
First the surfaces of different components that will be in contact must be 
created. After that pairs of surfaces which are going to be in contact must be 
identified. These are called contact pairs. And finally the constitutive models 
which describe  the interactions between the various surfaces must be defined.  
 
In this work, a surface based contact is chosen, and the contacting surfaces 
are: the outer surface of the concrete core cylinder and the inner surface of the 
steel hollow cylinder. Discretization method chosen is: surface to surface, and 
the sliding formulation is taken as small sliding.   
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There are two components which define the interaction of contacting surfaces, 
one normal to the surfaces and one tangential.  
 
In Abaqus the  default normal interaction between the surfaces is called the 
'hard contact', meaning that the surfaces can contact each other when the 
clearance between them becomes zero and they can transmit between each 
other the unlimited magnitude of pressure but cannot penetrate each other. On 
the other hand these surfaces can separate when the contact pressure between 
them becomes zero or negative. This is presented on the figure 4.15. 
 
 
Figure 4.15  contact pressure-clearance relationship (Source Abaqus User Manual 6.9) 
 
This type of normal contact was chosen in the work presented in this paper. 
 
As for the tangential behaviour, the Abaqus uses the Coulomb friction model, 
where the tangential motion will be zero until the surface traction reaches a 
critical shear stress value, which is a function of a normal contact pressure and 
coefficient of friction:  τcrit= µ ⋅ p . As shown in the figure below, at first, the two 
contact surfaces are in the sticking state, until the critical shear stress is 
reached when the slipping occurs. Apart from that the Abaqus uses a penalty 
friction formulation with an allowable “elastic slip,” shown by the dotted line in 
the figure below: 
 
 
Figure 4.16: Tangential penalty friction formulation in Abaqus (Source Abaqus User 
Manual 6.9) 
 
The elastic slip is a small amount or relative motion between the surfaces which 
takes place when the surfaces are in the sticking state. The Abaqus 
automatically chooses the penalty stiffness, i.e. the slope of the dotted line, in 
such a way that this elastic slip is a small fraction of element's length. In the 
analysis that is presented in this document, tangential behaviour is described by 
the Penalty friction formulation, described above, and the friction coefficient is 
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taken as 0.3. By default, the maximum elastic slip is taken as 0.005 fraction of 
the characteristic surface dimension.  
In order to better understand and define the interaction between the steel tube 
and the concrete core, an overview of five studies which were using software 
Abaqus in their numerical simulation is done.  
 
The study undertaken by Hu et al. (2005) was using a pair of contact surfaces 
which had infinitesimal sliding and friction (coefficient = 0.25) between the 
concrete core and steel tube to account for tangential direction. In the normal 
direction these surfaces were allowed to contact, separate but not penetrate 
each other.  
 
Johansson (2002) also used surface based interaction with a Coulomb friction 
model. In the recent study conducted by Richard (2009), the surface based 
contact was used too, but this time with the perfect bond between the steel and 
the concrete. It was predicted that this type of bond would not have a major 
influence on the ultimate strength prediction as the investigation focused  on 
non-slender CFT columns which were not expected to buckle, i.e. separate from 
the concrete. Apart from that the relative slip was limited by fully restraining the 
column bottom end, so that no larger slip was expected. 
 
Some older studies done by Schneider (1998) and Varma (2002) performed 
contact element based interaction.  
 Apart from the interaction between the inner surface of the steel tube, and the 
outer surface of the concrete core, tie constraints are also defined. In total 4 tie 
constraint pairs are set: 
1) lower surface of the upper steel plate -  upper surface of the steel tube 
2) lower surface of the upper steel plate -  upper surface of the concrete 
3) upper surface of the lower steel plate -  lower surface of the steel tube 
4) upper surface of the lower steel plate -  lower surface of the concrete 
 
 
 
Figure 4.17: Representation of Tie constraints that were assigned to the model 
 
Using the Tie Constraint option prevents the surfaces initially in contact from 
penetrating, separating, or sliding relative to one another. In other words the tie 
constraints are used to tie together two surfaces during the simulation. Each 
node on the slave surface is constrained to have the same motion as the point 
on the master surface to which it is closest. This means that both the 
translational and if chosen the rotational degrees of freedom are constrained. 
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4.7 Loading and boundary conditions 
 
All the loads in this analysis are applied through the controlled enforced 
displacements. The problem is divided in two phases. In the first phase the axial 
loads are applied by assigning the vertical displacements to the upper steel 
plate which transfers the displacements equally to the steel tube and the 
concrete core. For this Step, the static method is chosen. In the second phase, 
the lateral loads are applied by assigning the lateral displacements to the upper 
steel plate, while maintaining the same vertical displacement assigned in the 
first step. By doing this, a real simulation is performed keeping in mind that in a 
bridge, vertical load on the pier remains the same or almost the same during the 
bridge deck displacements. For this Step, the Riks analysis is chosen. 
 
  Z  (vertical
displacement
applied)
STEP 1
  Z (constant)
STEP 2
  X (horizontal 
displacement
applied)
Lower plate
fully restrained
Lower plate
fully restrained
 
Figure 4.18: Loading and boundary conditions in Step 1 and Step 2 
 
The boundary conditions are assigned to the bottom and the upper steel plate. 
The bottom steel plate is fully restrained in all directions, while the upper steel 
plate is restrained in all directions except the direction where the displacements 
are applied. In order to simplify the boundary conditions assignment, two sets 
are created, one which includes the geometry of the upper plate and another 
one which includes the geometry of the lower plate. 
 
4.8 Meshing 
 
In order to mesh the model, the 8-node, linear brick elements with reduced 
integration and hourglass control are used (C3D8R). The characteristics of 
these elements are already described above. The meshing is done meshing the 
part instances. They are first seeded in such a way that the steel tube contains 
two layers of finite elements. Having more than one layer improves the results 
and provides more data for the analysis. In addition, the seeding of the concrete 
core is done so that the elements near the outer surface coincide with the finite 
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elements closest to the inner surface of the steel tube. This is done to facilitate 
setting the interaction  between the steel tube and the concrete core. 
 
      
Figure 4.19: Steel tube mesh      Figure 4.20: Steel tube mesh 
 
The lower and the upper steel plates are seeded only by setting the 
approximate size of the finite elements.  
 
The element shapes are determined by 
using the mesh control. A sweep 
technique is chosen in case of the steel 
tube and the concrete core, while in the 
case of the the steel plates structured 
technique is implemented to shape the 
elements.  
                                                                       
Figure 4.21: Two layers in a steel tube 
 
The sweeping technique is performed by 
extruding a surface mesh into a three-
dimensional elements. This technique is 
useful in meshing the tubes and cylinders. It 
extrudes or revolves internally generated 
mesh along a sweep path or around an axis 
of revolution. In the case of complex 
models, the geometry must first be divided 
into the simpler geometry solids and then 
meshed. In case of the Structured meshing, 
pre-established mesh patterns are applied 
and in this case too,the complex geometries 
must be divided into the simple ones.   
 
 
Figure 4.22: Complete mesh 
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5. Numerical analysis – model validation and prototypes 
 
5.1 Model validation 
 
5.1.1 Introduction 
 
The aim of this chapter is to prove that the model developed in this study using 
the finite element program Abaqus is valid for the analysis of the circular CFT 
columns.  
 
The main characteristics of the proposed model are: 
• Use of the elastic-perfectly plastic material with the Von Mises yield 
criterion in modeling the steel tube; 
• Use of the concrete damage plasticity model offered by Abaqus/CAE in 
modeling of concrete core; 
• Modeling of both the concrete and the steel with 8 node solid elements 
with reduced integration S3C8R; 
• The load incrementation process  is governed by Riks type of analysis 
based on the arc-length method,  while the iterative equation solving is 
based on Newton-Raphson method. 
• All the loads are introduced via displacements 
• The analysis is done in two steps – axial loading followed by lateral 
loading 
 
The results of this model are contrasted against the theoretical results obtained 
by  EN1994-1-1 for both stages of the loading: the axial-vertical  loading stage 
and the  lateral-horizontal loading stage. Apart from that, the size of the mesh 
elements and its effect on CPU calculation time and precision of the results are 
investigated. Eventually provisions defined in Eurocode on member 
imperfections  discussed.  
 
5.1.2 Eurocode provisions for non-linear analysis 
 
EN1994-1-1 defines in chapter 5.4.3 that non-linear analysis of the composite 
sections may be used in accordance with EN1992-1-1, 5.7 and EN1993-1-1, 
5.4.3.  
 
In EN1993-1-1, 5.4.3 (4) it is said that for the steel members, a bilinear stress-
strain diagram indicated on the figure below should be used: 
 
As already explained before, the proposed 
model in this study makes the use of elastic-
perfectly plastic model with von Mises yield 
criterion, and therefore the provision 5.4.3 from 
EN1993-1-1 is satisfied.  
Chapter 5.7 in the EN1992-1-1, defines that  
Figure 5.1 : Bilinear σ-ε diagram     the non-linear methods may be used, provided  
(EN1993-1-1)                            that the equilibrium and compatibility are satisfied 
and that the appropriate consideration is made for the non-linear behaviour of 
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the material. In addition, it defines that the analysis can be of the first or the 
second order. The model chosen in Abaqus library of constitutive models for the 
concrete is the Concrete damage plasticity, a non-linear model which assumes 
that the two failure mechanisms are the tensile cracking and the compressive 
crushing. The model has been previously explained in chapter 4. The non-linear 
behaviour of the material suggested by this model is in accordance with the 
provisions suggested in the Eurocode.  
As for the geometrical non-linearity, two sources of non-linearities are studied: 
displacements caused by loading and initial imperfections.  
The displacements caused by lateral loading, influence the behaviour of the 
columns, by adding additional bending moment which is a product of these 
lateral displacements and the axial force acting in the member. This increase 
was taken into account by the non-linear analysis in the Abaqus and when 
calculating the max moments received by the columns. The model A-3 is taken 
as an example to explain the magnitude of additional secondary moment 
produced under different axial loadings. It can be seen that when 11mm vertical 
displacement is introduced (60% of the Nult), additional secondary moment 
increases up to 25% of the total moment. 
 
In case of the initial imperfections, 
EN1994-1-1 suggests that initial 
bow imperfections should be 
taken as L/300 for the circular 
concrete filled tube members 
without reinforcement (i.e. 
δs<3%).  However, the initial 
imperfections are not taken in this 
analysis because of several 
reasons. The main reason is that, 
only  the short columns were  
Figure 5.2: Relationship between initial and                             
 secondary moment depending on axial force       
 
studied and therefore the global buckling was not expected to happen. In 
addition, since the  large diameter tubes are investigated, it is  not certain 
whether the initial bow imperfection proposed by EC4 would be valid for the 
geometry in this study. Apart from that, the magnitude of the maximum 
secondary moment obtained is less than 10% of the total bending moment, 
which suggests that the influence of initial imperfections can be neglected. 
However, at this point a call for future study which would take into account initial 
imperfections of large circular CFT columns is made. 
 
5.1.3 Numerical vs theoretical results 
 
5.1.3 (i) Axial loading stage 
 
In order to validate the results obtained by the finite element analysis, a 
comparison with EN1994-1-1 is conducted. The Eurocode provision provides a 
general expression for the axial resistance of the circular CFT columns as well 
100,0%
96,5%
95,6%
92,4%
90,7%
88,9%
84,4%
77,5%
74,5%
0,0%
3,5%
4,4%
7,6%
9,3%
11,1%
15,6%
22,5%
25,5%
0,0% 20,0% 40,0% 60,0% 80,0% 100,0%
0
0,5
1
3
4
5
7
10
11
In
tro
du
ce
d 
ax
ia
l d
is
pl
ac
em
en
ts
 
[m
m
]
Initial and secondary moment [%]
Initial moment Additional secondary moment
Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 52 - 
as the more specific one which takes into account the effects of confinement of 
the concrete core.  
Figure 5.3 demonstrates the axial resistance of four group A models vs 
thickness of the steel tube calculated by three different methods. The lowest 
values are obtained by Eurocode general formula (excluding the 0.85 
coefficient). As expected the numerical results obtained by Abaqus, show 
higher values. In contrast to that, the results calculated using the expression 
offered by the EN1994 which takes into account the confinement effect are 
above the numerical values. Keeping in mind the study conducted by Oliveira et 
al. (2009), which concluded that in case of short columns (which is the case in 
this study too), the expression presented in Eurocode showed overestimated 
values, it can be seen that the numerical model in this study also proves that 
fact. Therefore, it can be concluded that the proposed numerical model shows 
good agreement with the theoretical results and that it can be used for axial 
loads. 
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Figure 5.3: Comparison of axial resistance of group A models. Npl,Rd, Conf  as defined by 
the EC4 provides overestimated results in the case of short tubes 
 
In the study conducted by Ellobody et al. (2006) the finite element model was 
also proposed and compared to the same expression presented in EC4. For 
comparison reasons S11 model from the Ellobody et al. (2006) study is taken. 
Although different in global size, certain characteristics (D/t, fc, fy) can be 
compared to the A-3 model in this study. The comparison is shown in the table 
5.1. It can be seen from Npl,Rd,NUM  / Npl,Rd,conf<1, that the EC4 expression for 
confinement is not conservative and that it gives overestimated results for short 
columns 
Model S11 A-2 
D [mm] 114 2000 
t [mm] 2,07 40 
H [mm] 300 10000 
D/t 55 50 
Concrete fc [N/mm2] 30 30 
Steel fy [N/mm2] 343 355 
Npl,Rd,NUM  / Npl,Rd,conf 0,87 0,84 
Table 5.1: Comparison to the S11 model in the study Ellobody et al. (2006) 
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5.1.3 (ii) Lateral loading stage 
 
In order to investigate if the model is suitable for the second stage of analysis, 
where lateral loads are introduced on previously axially loaded prototype, there 
is a need to construct and compare interaction M-N diagrams obtained by the 
theoretical expressions proposed by the Eurocode and the ones obtained in this 
study. Since, for the columns exposed to the axial forces and the bending 
moments,  the EC4 uses expressions which do not take into account 
confinement effects of the concrete, nor its tensile resistance, it is expected that 
by using the finite element analysis, higher results will be achieved.  
 
The interaction diagram for the specimen A-3 is shown in the figure 5.4. It can 
be clearly seen that the interaction curve proposed by EC4 shows lower values 
than those obtained by Abaqus. 
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Figure 5.4: Interaction diagrams based on EC4 and proposed finite element model 
 
Therefore it is concluded that the proposed numerical model shows good 
agreements with the theoretical values obtained from the Eurocode provisions 
and that it shows expected increase in the values due to the confinement 
effects of the concrete core and its tensile resistance. 
In addition, V-δ diagram obtained 
for model A-3 (figure 5.5) is used 
to present the behaviour of the 
model under the lateral loading. 
As expected, the model looses 
the linearity, due to the non-linear 
characteristics of the material and 
shows expected behaviour.  
It is compared with the values 
obtained by the expression valid 
for the elastic range : 
          
∆= ···12
3l
IE
V
                  (5.1) 
 
Figure 5.5: V-δ diagram obtained for model A-3 for pure bending 
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5.1.4 Meshing density 
 
The size of the elements as well as their pattern is chosen in such a way as to 
obtain the results with higher precision. In addition, keeping in mind that this 
study involves 108 analysis cases, there is a need to implement the mesh which 
will lead to a reasonable CPU time. The type of the  elements used in meshing 
as well as the meshing techniques are chosen as explained earlier in chapter 4 
and are not varied further. 
 
In total four different meshes are examined in obtaining the model. Model A-3 
(10m height, 1m diameter, and thickness 30mm) is used in this comparison, 
and once the desired mesh is obtained it is tried on all 12 models.   
 
         
Figure 5.6: Mesh type         Figure 5.7: Mesh type 2      Figure 5.8: Mesh type 3 
 
 It can be seen that in all four mesh types, two layers of 
the finite elements are distributed across the steel 
tube. Preserving this criterion, and the criterion that  
the number of the elements in the inner perimeter of 
the steel tube, and the outer perimeter of the concrete 
core should be the same, it is chosen to vary the 
number of elements per cross section as well as total 
number of elements across the column length/height. 
These variations are shown in the table 5.2.  
Figure 5.9: Mesh type 4  
Element Model 
Global 
element 
size 
No. of elements 
per section 
No. of 
sections 
Total number of 
elements 
Relative 
size 
Mesh 1 800 32 14 448 6% 
Mesh 2 400 48 25 1200 16% 
Mesh 3 200 56 50 2800 37% 
Steel 
tube 
Mesh 4 100 76 100 7600 100% 
Mesh 1 800 38 14 532 3% 
Mesh 2 400 61 25 1525 10% 
Mesh 3 200 85 50 4250 27% 
Concrete 
core 
Mesh 4 100 159 100 15900 100% 
Mesh 1 320 36 3 108 5% 
Mesh 2 230 81 4 324 14% 
Mesh 3 170 144 6 864 37% 
Steel 
plates 
 
Mesh 4 120 289 8 2312 100% 
Table 5.2: Four mesh densities were tested: each one 3 times denser than previous  
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Variations in number of the elements per cross section are obtained by seeding 
the perimeter of the steel tube and the concrete core, while the number of 
elements in total length is varied by changing the global element size. Each 
following model has approximately 2.5 - 3 times higher the number of mesh 
elements than the previous one.   
Figure 5.10 shows a diagram where the effects of the element number on the 
CPU time can be seen. Approximately, CPU time is proportional to the mesh 
density in the model.  
0
5000
10000
15000
20000
25000
30000
0,00 20,00 40,00 60,00 80,00
CPU Time [min]
N
u
m
be
r 
o
f e
le
m
e
n
ts
 
in
 
a
 
m
o
de
l CPU time vs No. of elements
 
Figure 5.10: Number of elements in a mesh vs CPU time in minutes 
 
The results are compared with the interaction diagram proposed by the 
Eurocode. The results obtained by mesh type 1 (see figure 5.11), are very 
imprecise and cannot be taken into account. They are less conservative and 
erroneous. The mesh 2 showed improvement while the mesh 3 showed the 
best ratio precision/CPU time. At this point the results tend to stabilize and the 
values obtained by the mesh 4 show very little improvement in comparison to 
the results of the mesh 3. Nevertheless, the mesh type 4 is chosen for the final 
model, even though it achieved the same precision as type 3, but at the cost of 
three times bigger CPU time. The main reason for adopting type 4 are the 
convergence problems with mesh 3 experienced in some of the models. 
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Figure 5.11: Comparison of results obtained by different mesh densities 
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5.2 Prototypes 
 
The study presented in this paper is based on the numerical simulation 
conducted on 12 circular CFT columns.  The geometry, the materials and the 
loads that are used resemble the real conditions of the piers which form a part 
of one integral bridge. 
All the specimens are divided into the three groups whose geometry is shown 
on the figure below: 
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            Figure 5.12: Three groups of the prototypes that were used in the analysis 
 
In order to be able to conduct a parallel analytic calculations using the present 
time codes (EN1994-1-1), geometric and section properties of the prototypes 
are calculated. In addition, the criterion defined by EN1994-1-1 on local buckling 
susceptibility of circular composite columns is calculated and those columns 
which might experience local buckling are highlighted in the table. Results are 
shown in the tables which follow (5.3 to 5.7).  
 
  
H[mm] D[mm] d[mm] t[mm] 
fy 
[N/mm2] H/D D/t 
max D/t 
(EN1994-1-1) 
A-1 10000 1000 980 10 355 10 100,0 59,6 
A-2 10000 1000 960 20 355 10 50,0 59,6 
A-3 10000 1000 940 30 355 10 33,3 59,6 
A-4 10000 1000 920 40 355 10 25,0 59,6 
B-1 10000 2000 1960 20 355 5 100,0 59,6 
B-2 10000 2000 1920 40 355 5 50,0 59,6 
B-3 10000 2000 1880 60 355 5 33,3 59,6 
B-4 10000 2000 1840 80 355 5 25,0 59,6 
C-1 20000 2000 1960 20 355 10 100,0 59,6 
C-2 20000 2000 1920 40 355 10 50,0 59,6 
C-3 20000 2000 1880 60 355 10 33,3 59,6 
C-4 20000 2000 1840 80 355 10 25,0 59,6 
Table 5.3: Geometric properties of the prototypes used in analysis 
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According to these tables it can be seen that the following characteristics are 
varied to make the different specimens: 
 
• The height of the columns vary between 10m and 20m 
• The column diameters vary from 1m to 2m 
• There are 4 different steel tube thicknesses per group. Thickness of the 
steel is varied from 10mm to 40mm in the group A, while in the groups B 
and C thickness of the steel tubes is changed from 20mm to 80mm 
• H/D ratio varies from 5 to 10. These geometries are not expected to fail 
by global buckling.  
• D/t ratio varies from 25 to 100. According to the criterion presented in the 
EN 1994-1-1 on the max D/t which could be used without occurrence of 
the local buckling, there is one specimen in each group which does not 
respect this criterion, and hence, local buckling is expected to happen 
before reaching the full plastic resistance. This is investigated later. 
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Figure 5.13: D/t ratio of the prototypes. Red line shows the limit for local buckling 
 
Figure 5.14  shows the parameters that are varied. The thickness of the lower 
and the upper steel plates is equal to the diameter of the column D, while width 
and length are taken as 2D. 
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Figure 5.14: Varied parameters to create different prototypes 
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t
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The theoretical axial resistances in accordance to the Eurocode EN1994-1-1 
are given in the table 5.4. Apart from that a steel contribution ratio is also found 
for each column. This ratio ranges from 0.33 to 0.68. 
 
  
Aa[cm2] Ac[cm2] fy[N//mm2] fc[N//mm2] 
Npl,Rd 
[kN] 
δ-steel contribution 
ratio 
A-1 311 7543 355 30 33670 0,33 
A-2 616 7238 355 30 43574 0,50 
A-3 914 6940 355 30 53274 0,61 
A-4 1206 6648 355 30 62769 0,68 
B-1 1244 30172 355 30 134680 0,33 
B-2 2463 28953 355 30 174296 0,50 
B-3 3657 27759 355 30 213094 0,61 
B-4 4825 26590 355 30 251076 0,68 
C-1 1244 30172 355 30 134680 0,33 
C-2 2463 28953 355 30 174296 0,50 
C-3 3657 27759 355 30 213094 0,61 
C-4 4825 26590 355 30 251076 0,68 
Table 5.4: Axial resistance in accordance to the Eurocode EN1994-1-1 and δ 
 
As defined by the Eurocode 4, the steel contribution ratio is the proportion of the 
squash load that is provided by the steel member. Overview of the steel 
contribution ratio δ in prototypes used in the analysis is shown in the figure 
5.15. 
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Figure 5.15: Left: Steel contribution ratio δ for various prototypes; Right:Frequency of 
models with certain steel contribution ratio  
 
As can be seen from the figure above, all the prototypes in the analysis have 
the steel contribution ratio within the limits prescribed by EN 1994-1-1 in the 
section 6.7.1. (0.2<δ<0.9).  
 
According to the work done by Qing Quan Liang (2010),  CFT columns with the 
steel contribution ratio being at bottom limit (0.2) will provide columns with very 
slender walls,  and he suggests that CFT columns should be designed with at 
least δ=0.5 to achieve high structural performance.  
 
In case that δ drops below 0.2, the member should be designed according to 
the Eurocode 2 (as reinforced concrete) and in case of this ratio being higher 
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than 0.9, the design should be conducted on the basis of Eurocode 3 (as 
structural steel member). 
 
As described before,  EN1994-1-1 also defines that in case of the circular CFT 
columns whose relative slenderness is less than 0.5, and where the load 
eccentricity e/d (e=Med/Ned) is kept below 0.1, increase in the strength of the 
concrete due to the confinement may be taken into account using expression:  
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According to this expression , the values of the ultimate squash load (with the 
confinement accounted for and with the pure axial loading e/d=0) are further 
calculated and presented in the table 5.6 . The values of relative slenderness 
and effective (EI)eff are calculated first and shown in the table 5.5. 
 
c
I
cm
E
e
K
s
I
s
E
a
I
a
E
eff
EI ++=)(                                                             (5.2)                                    
                                     
cr
N
Rkpl
N
,
=λ                                                                                              (5.3) 
 
  
Ea 
[N/mm2] 
Ecm 
[N/mm2] Ia[mm3] Ic[mm3] 
(EI)eff 
[N/mm2] Ncr [kN]  λ  
A-1 2,10E+05 2,50E+04 3,8107E+09 4,5277E+10 1,4794E+15 146012 0,480 
A-2 2,10E+05 2,50E+04 7,3952E+09 4,1692E+10 2,1784E+15 214997 0,450 
A-3 2,10E+05 2,50E+04 1,0762E+10 3,8325E+10 2,8350E+15 279802 0,436 
A-4 2,10E+05 2,50E+04 1,3922E+10 3,5166E+10 3,4510E+15 340601 0,429 
B-1 2,10E+05 2,50E+04 6,0972E+10 7,2443E+11 2,3670E+16 2336184 0,240 
B-2 2,10E+05 2,50E+04 1,1832E+11 6,6708E+11 3,4854E+16 3439946 0,225 
B-3 2,10E+05 2,50E+04 1,7220E+11 6,1320E+11 4,5360E+16 4476838 0,218 
B-4 2,10E+05 2,50E+04 2,2274E+11 5,6265E+11 5,5216E+16 5449615 0,215 
C-1 2,10E+05 2,50E+04 6,0972E+10 7,2443E+11 2,3670E+16 584046 0,480 
C-2 2,10E+05 2,50E+04 1,1832E+11 6,6708E+11 3,4854E+16 859987 0,450 
C-3 2,10E+05 2,50E+04 1,7220E+11 6,1320E+11 4,5360E+16 1119209 0,436 
C-4 2,10E+05 2,50E+04 2,2274E+11 5,6265E+11 5,5216E+16 1362404 0,429 
 
Table 5.5: Effective (EI)eff, Ncr and relative slenderness for different prototypes 
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Figure 5.16: Relative slenderness of the prototypes.  Red line shows the limit for 
confinement to be taken into account by EC4 
 
All the prototypes satisfied the criterion of  λ , so that the confinement was 
taken into account in calculating Npl,Rd, Conf which is shown below. 
 
  
ηa0 ηc0 Npl,Rd,Conf [kN] Npl,Rd [kN] Npl,Rd,Conf / Npl,Rd 
A-1 0,774 4,051 42021,9 33670,0 1,248 
A-2 0,773 4,102 59679,8 43573,9 1,370 
A-3 0,772 4,125 76356,3 53273,6 1,433 
A-4 0,771 4,137 92034,7 62769,0 1,466 
B-1 0,762 4,466 172000,3 134680,1 1,277 
B-2 0,761 4,492 245764,4 174295,6 1,410 
B-3 0,761 4,504 315223,9 213094,2 1,479 
B-4 0,761 4,511 380406,8 251076,1 1,515 
C-1 0,774 4,051 168087,7 134680,1 1,248 
C-2 0,773 4,102 238719,4 174295,6 1,370 
C-3 0,772 4,125 305425,3 213094,2 1,433 
C-4 0,771 4,137 368138,9 251076,1 1,466 
Table 5.6: Ultimate axial resistance for circular CFT columns with confinement (EC4) 
 
The values obtained above, show a significant increase in the ultimate axial 
load. The ratio between the values of the axial resistance with the confinement 
and the axial resistance without confinement are also calculated. The increase 
ranged from 24.8% in prototypes with thin walls up to 51.5% in prototypes with 
thicker steel tube walls.  
 
In his work on axially loaded CFT columns, (HU et al. 2003) concluded that the 
circular tubes can provide good confinement effect especially in the cases when 
width-to thickness D/t ratio is small, (D/t<40). As presented in the table above 
5.6 the resistance difference increases when D/t decreases. A thicker steel tube 
can provide more support for the lateral confinement of the concrete therefore 
increasing the confinement effect and hence the overall resistance.  
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Figure 5.17: Load capacity increase (due to confinement according to EC4)  
in relation to D/t of the circular CFT columns 
 
Apart from that it can be seen that the columns of the group B have a bigger 
raise in the resistance in comparison to the columns of the group C, although 
they have the same cross section properties. This is because, the Npl,Rd,Conf 
formula takes into account H/D ratio, by introducing relative slenderness into the 
expression, thus obtaining higher values in case of the lower H/D ratios.  
 
Oliveira et al. (2009) concluded in his research paper that if the same values of 
concrete were used, the specimens of L/D =3 had a higher increase in the load 
capacity due to confinement effect, all the way up to the local buckling of the 
tube and crushing of the concrete. While specimens with ratios L/D=10 had 
local buckling occur before mobilization of the confinement effect of the 
concrete.  
 
However, in the same work, Oliveira concluded that in case of the short 
columns (L/D=3), EC4 overestimated the increase of the load capacity of the 
circular CFT columns due to the confinement effect. Therefore, such a huge 
increase in load capacity is later analyzed in the chapter of numerical simulation 
results analysis. 
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Figure 5.18: Load capacity increase due to confinement vs H/D of the circular CFT 
columns 
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In order to calculate the theoretical ultimate combined flexural and compression 
capacity of the circular CFT according to the Eurocode4, a Mathcad calculation 
algorithm (designed by DEC in ETSECCPB) is used. The algorithm is based on 
displacing the imaginary neutral line across the height of the section and 
calculating the corresponding axial and bending resistances for each position. 
The algorithm is designed to provide the interaction diagrams for the circular 
CFT columns, for the different geometries and for the different qualities of the 
concrete and the steel. Figure 5.19 shows the model used for the calculation. 
Neutral line
Central line
M M
fy fc
fy
Fac Fcc
Fat
dc
c
da
c
da
t
z
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Steel tube
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Steel tube in
compression
Concrete core
in compression
 
Figure 5.19: The model used to calculate the ultimate bending moments and the axial 
forces of the circular CFT members by varying the position of the neutral line  
 
            ccccacacatatult dFdFdFM ⋅+⋅+⋅=                                                   (5.3) 
ccacatult FFFN ++−=                                                                               (5.4) 
 
A similar model is found in the study done by Elchalakani et al. (2001) 
 
The results of the pure bending resistance are shown in the following table:   
 
  
fy [N/mm2] fc [N/mm2] Mpl,Rd [kNm] 
A-1 355 30 4360 
A-2 355 30 8002 
A-3 355 30 11336 
A-4 355 30 14453 
B-1 355 30 - 
B-2 355 30 65159 
B-3 355 30 90928 
B-4 355 30 115619 
C-1 355 30 - 
C-2 355 30 65159 
C-3 355 30 90928 
C-4 355 30 115619 
Table 5.7: Pure bending resistance in accordance with  the Eurocode EN1994-1-1  
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6 Numerical analysis – procedure and results 
 
6.1 Procedure 
 
6.1.1 Introduction 
 
The study which is presented in this paper has the aim to describe the 
behaviour of the circular CFT columns, implemented in integral bridges as 
integral piers. In general, the columns which are not susceptible to global 
buckling are investigated. Among the 12 prototypes that are analyzed, there is 
one specimen in each of the  three groups of models which is susceptible to the 
local buckling according to the Eurocode criterion.  
 
Keeping in mind that the concrete filled columns are structural members which 
develop confinement effects due to triaxial state of the load of the concrete core 
envolved in a circular steel tube, and taking into account the geometric and 
material nonlinearities of the CFT columns when subjected to the lateral 
displacements, a nonlinear analysis is conducted.   
 
The analysis procedure consists of one preliminary analysis and of the main 
analysis. Both analyses are realized with the help of software Abaqus which is 
designed to divide the problem in different stages called steps. Using this 
feature, the main analysis is conducted as a two-staged (two step)  analysis.  
 
To avoid certain problems of convergence, all the loads are applied by 
assigning displacements to the upper steel plate of the model. This type of load 
assignment is usually referred to in literature as enforced displacements. It is 
done by assigning non-zero values to displacements in previously restrained 
directions. 
 
 
6.1.2  Preliminary analysis 
 
Prior to the main analysis, a separate preliminary numerical analysis is 
conducted, where the maximum axial load capacity for each one of the 12 
prototypes is determined. This preliminary study is conducted using the arc-
length method (Riks), where the prototypes are loaded by vertical enforced 
displacements until their collapse.  Vertical displacement history is recorded in 
order to be able to determine the amount of displacement which would be 
applied on each prototype in the first stage of the main analysis.  
 
Three examples of this separate study  are presented on the prototypes A-1 
(10m height, 1m diameter and t=10mm), B-2(10m height, 2m diameter and 
t=40mm) and C-2 (20m height, 2m diameter and t=40mm). Each one of these 
prototypes represents its own group. The graphs N-∆Z are presented in the 
figures 6.1 to 6.3. 
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Figure 6.1: Axial force – axial displacement diagram of A-1 numerical model 
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Figure 6.2: Axial force – axial displacement diagram of B-2 numerical model 
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Figure 6.3: Axial force – axial displacement diagram of C-2  numerical model 
 
In case of the prototype A-1 it is found that its ultimate axial resistance is 
37539kN  at vertical displacement of about 33mm. Table 6.1 presents the 
displacements that are induced on the A-1 prototype and their corresponding 
axial reaction (axial force in the column): 
 
Induced vertical 
displacement in the 
first stage [mm] 
Axial force obtained 
[kN] 
Percentage % of 
the Npl,Rd,NUM 
0 0 0,0% 
0,5 1251 3,3% 
1 2501 6,7% 
3 7504 20,0% 
4 10007 26,7% 
5 12510 33,3% 
7 17518 46,7% 
10 24211 64,5% 
Table 6.1: Percentage of the Nult caused by  displacements in prototype A-1  
 
For the prototype B-2, the ultimate axial resistance measured is 200226kN and 
the corresponding vertical displacement reached 36mm. Table 6.2 shows the 
displacements induced on the B-2 prototype and the axial reaction created. 
 
Induced vertical 
displacement in the 
first stage [mm] 
Axial force obtained 
[kN] 
Percentage % of 
the Npl,Rd,NUM 
0 0 0,0% 
0,5 6013 3,0% 
1 12025 6,0% 
3 36078 18,0% 
4 48109 24,0% 
5 60139 30,0% 
7 84214 42,1% 
10 117365 58,6% 
Table 6.2: Percentage of the Nult caused by  displacements in prototype B-2  
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While in case of the prototype A-10, ultimate axial resistance is 198523  at 
vertical displacement of about 73mm. Results are listed in the table which 6.3. 
 
Induced vertical 
displacement in the 
first stage [mm] 
Axial force obtained 
[kN] 
Percentage % of 
the Npl,Rd,NUM 
0 0 0,0% 
1 5014 2,5% 
2 10028 5,1% 
6 36570 18,4% 
8 48764 24,6% 
10 60961 30,7% 
14 85362 43,0% 
20 121331 61,1% 
Table 6.3: Percentage of the Npl,Rd,NUM caused by  displacements in prototype C-2  
 
Having recorded the load-displacement history, main analysis is now 
undertaken. 
 
6.1.3 Main analysis  
 
6.1.3.(i) First stage 
 
As previously described, main analysis consists of two steps: The axial 
controlled loading (Static type) and lateral loading (Riks type).  
 
The first stage consists of axial loading of the prototypes by a load that is a 
fraction of the ultimate axial load capacity.  Following the results of the 
preliminary study and keeping in mind the amount of axial loading on integral 
piers in real conditions, it is decided that in the first stage of the main analysis 
the columns should be loaded with axial enforced displacements which would 
provoke only elastic response.  
 
Taking each one of the examples investigated in preliminary study as a 
representative in determining the amount of displacements, it is decided to 
apply one equal set of displacements for one group, thus obtaining three sets in 
total: 
Prototype group A B C 
∆Z1 [mm] 0 0 0 
∆Z2 [mm] 0,5 0,5 1 
∆Z3 [mm] 1 1 2 
∆Z4 [mm] 3 3 6 
∆Z5 [mm] 4 4 8 
∆Z6 [mm] 5 5 10 
∆Z7 [mm] 7 7 14 
∆Z8 [mm] 10 10 20 
Table 6.3: For each group of specimens, one set of displacements was adopted  
For the groups A and B, which are described by H/D=10, two equal sets of 
displacements are chosen, while in the case of specimens from the group C 
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(H/D=20), displacements which have to be introduced are double in magnitude 
which is logical  according to the expression: ε = ∆L / L. For each prototype, 8 
different cases are created each one having a different amount of axial 
displacement applied. On average, introduced displacements create the 
following percentages of the ultimate axial load : (0%, 2.5%, 5%, 20%, 25%, 
30%, 45% and 60%) which when added to the ultimate axial load data present 
enough information to create interaction and ductility diagrams in the later 
phase of analysis. 
 
The same enforced displacements for each group cause a small difference in 
the percentage of the axial load applied (N/Nult). On the other hand, at certain 
points of the analysis done in this work, there is a need to compare the results 
obtained of the various under the same percentage of the applied axial load. 
For this reason, certain models are reloaded later with modified enforced 
displacements in order to achieve the same levels of introduced axial force in 
the comparison group.  
 
This first stage of the main analysis  is governed by the Static type, which 
applies the loads in increments starting from the initial fraction determined by 
the author and finishing as soon as the load entered is reached.  
  
6.1.3 (ii) Second stage 
 
In the second stage of the main analysis, lateral displacements are applied in 
the column cap (upper steel plate of the model).  This stage preserves the exact 
amount of axial loading applied in the previous step,(e.g. for prototype A-1: 
0.5mm, 1mm, 3mm, 4mm, 5mm, 7mm and 10mm while new lateral loads are 
applied, i.e. at this point the column is loaded vertically and laterally at the same 
time. Lateral forces are also assigned in form of the lateral displacements. This 
stage is governed by the Riks type of analysis which defines the process of load 
incrementation and does not stop the analysis once the load entered by the 
user is reached.  
 
At the end of the analysis, it is expected to obtain the results which would 
describe the response of the column under steady axial load (caused by the 
weight of the bridge deck) and simultaneous application of lateral displacement 
in the pier cap (caused by the dilatation of the bridge deck), in other words the 
idea is to truly represent the behaviour of the piers in the integral bridges which 
receive vertical loads, as well as the large lateral displacements from the bridge 
deck caused by temperature changes, etc. 
 
In total there are 12 numerical models,  with 9 different cases of axial 
displacement applied (including the ultimate one), thus obtaining 108 load 
cases. The results from each one of these cases are recorded and saved in the 
tabular form for the later analysis. The data recorded is: the reaction of the 
upper steel plate in lateral and axial direction, the reaction of the lower steel 
plate in lateral and axial direction and the lateral and the axial displacements of 
the upper steel plate (head Rx, head Rz, base Rx, base Rz, head Ux, and head 
Uz).  
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6.1.4 Additional study – influence of material properties   
 
In addition to the main analysis , the  investigation, on how the structural 
response of the circular CFT piers is influenced by varying the yield strength of 
the structural steel, is performed. For one particular prototype (A-3), which is 
taken as a representative case due to its geometry and numerical response, an 
additional model is created with lower yield strength of the steel than the one in 
the main analysis. Overview of the materials used in this additional analysis is 
given below: 
 
Load case Concrete fc [N/mm2] Steel fy [N/mm2] 
A 30 235 
B 30 355 
Table: 6.4 Variation in material characteristics to investigate the influence of different 
material resistance on behaviour of the CFT columns 
 
6.1.5  Calculation  
 
Using equilibrium, it is possible to determine the expressions which describe the 
structural response of the investigated specimens. Structural system and the 
loading stages are presented in the figure 6.4. 
  
The expressions obtained from equilibrium are: 
 
BAver VV0F =→=Σ         (6.1) 
 
BAhor NN0F =→=Σ         (6.2) 
 
XN
HV
MMM BAA ∆+==→=Σ ·
2
·
0
      (6.3) 
 
In order to account for the effects of the second order analysis it is needed to 
include the additional moment created from the axial force and the 
displacement in the upper part of the column. This can be seen in the 
expression 9.3.  
 
On the other hand, according to the compatibility of the displacements and the 
deformations, and without having in mind deformations caused by shear, the 
following relations between the displacements and the forces are established: 
 
X
H
IE
V ∆= ···12
3   
X
H
IE
M ∆= ···6
2                                    (6.4) 
 
These expressions are obtained from the following structural system 
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Figure 6.4: Two stages of the load application. In the first stage, only the axial (vertical) 
displacements are applied, while in the second stage, the lateral (horizontal) 
displacements are introduced while maintaining the same axial pressure 
 
 
 
6.2 Results  
 
 
6.2.1 Results variables 
 
Using above mentioned expressions, as well as the equations from the 
Eurocode presented before, the results are obtained and presented in the 
following tables (6.5 to 6.7). The most important results include the following: 
 
• Maximum theoretical bending resistance Mpl,Rd of the columns obtained 
in accordance with EN1994-1-1 for N=0, and maximum theoretical 
overall bending resistance Mpl,N,Rd   
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• The maximum bending moment Mmax,NUM  of the columns obtained in the 
numerical analysis done by Abaqus for each %N applied, where the 
maximum bending moment obtained in numerical analysis at N=0 is 
called Mpl,Rd,NUM and the maximum  bending moment taking into account 
the compressive axial forces in the numerical analysis, is Mpl,N,Rd,NUM       
 
• The maximum shear force Vmax,NUM  of the columns obtained in the 
numerical analysis done by Abaqus for each %N applied, where the 
maximum shear force obtained in numerical analysis at N=0 is called 
Vpl,Rd,NUM , and maximum  shear force in the numerical analysis taking 
into account axial forces is Vpl,N,Rd, NUM  
 
• The maximum theoretical axial resistance Npl,Rd of the columns obtained 
in accordance with EN1994-1-1 
 
• The maximum theoretical axial resistance Npl,Rd,CONF of the columns 
obtained in accordance with EN1994-1-1 using the equation for confined 
concrete in the circular steel tubes 
 
• The maximum axial force Npl,Rd,NUM of the columns obtained in numerical 
analysis done by Abaqus at M=0 
 
• Relation between the maximum numerical Npl,Rd,NUM and the maximum 
theoretical Npl,Rd axial force obtained in case of no application of lateral 
displacements 
 
• Relation between the maximum confined theoretical Npl,Rd,CONF and the 
maximum numerical Npl,Rd,NUM axial force obtained in case of no 
application of lateral displacements 
 
• Relation between the maximum numerical Mpl,Rd,NUM and the maximum 
theoretical Mpl,Rd bending moment obtained in case of no application of 
axial displacements 
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6.2.2 Results summary 
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Table 6.5: Summary of the numerical results for group of prototypes A 
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Table 6.6: Summary of the numerical results for group of prototypes B 
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Table 6.7: Summary of the numerical results for group of prototypes C 
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6.2.3 Results discussion - Interaction diagrams 
 
In this chapter, results will be presented in the form of interaction diagrams 
between axial force N and the bending moment M. Interaction diagrams 
obtained from the numerical analysis are in the majority of the cases 
constructed with 9 points, each one having a different percentage of ultimate 
axial capacity. Two of these 9 points present the pure bending and the pure 
axial load. 
 
These interaction diagrams will be compared to the interaction diagrams 
designed on basis of EN1994-1-1. These diagrams were designed using 
program written in Mathcad as explained before. 
 
6.2.3 (i) Group A models (H=10m, D=1m, t=10,20,30,40mm) 
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Figure 6.5: Interaction diagrams for  model A-1 (H=10m, D=1m, t=10mm) 
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 Figure 6.6: Interaction diagrams for  model A-2 (H=10m, D=1m, t=20mm) 
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 Figure 6.7: Interaction diagrams for  model A-3 (H=10m, D=1m, t=30mm) 
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Figure 6.8: Interaction diagrams for  model A-4 (H=10m, D=1m, t=40mm) 
 
6.2.3 (ii) Group B models (H=10m, D=2m, t=20,40,60,80mm) 
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 Figure 6.9 Interaction diagrams for  model B-1 (H=10m, D=2m, t=20mm) 
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Figure 6.10: Interaction diagrams for  model B-2 (H=10m, D=2m, t=40mm) 
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Figure 6.11: Interaction diagrams for  model B-3 (H=10m, D=2m, t=60mm) 
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Figure 6.12: Interaction diagrams for  model B-4  (H=10m, D=2m, t=80mm) 
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6.2.3 (iii) Group C models (H=20m, D=2m, t=20,40,60,80mm) 
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 Figure 6.13 Interaction diagrams for  model C-1 (H=20m, D=2m, t=20mm) 
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Figure 6.14: Interaction diagrams for  model C-2 (H=20m, D=2m, t=40mm) 
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Figure 6.15: Interaction diagrams for  model C-3  (H=20m, D=2m, t=60mm) 
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Figure 6.16: Interaction diagrams for  model C-4  (H=20m, D=2m, t=80mm) 
 
From the interaction diagrams shown above, following general conclusions can 
be made: 
 
• All the diagrams show that bending moment decreases with increasing 
axial force which is normal and expected. Apart from that all the 
diagrams demonstrate that the bending moment does not have its 
maximum value in the case of pure bending, but that it reaches its 
maximum value under ½ Npm,Rd. 
 
• Interaction diagrams obtained from finite element numerical analysis 
show higher values than the diagrams constructed by EC4. This was 
also expected and is due to the confinement effect of the concrete and its 
tensile resistance which are neglected in the Eurocode. However, it is 
important to say at this point, that EC4 does take into account the 
confinement of the concrete in case of circular CFT columns, but only for 
the shorter columns and for the columns subjected to small 
eccentricities, i.e. which satisfy e/d<0.1. 
 
• It is noticed that the difference between the EC4 diagram and the 
numerical diagram is larger under smaller percentages of axial force and 
in the case of the higher values of the axial loading. This difference is 
much smaller for the values of axial forces which are around 50% of the 
ultimate axial load where two diagrams almost meet. The big difference 
produced at high values of axial compression is probably caused by the 
confinement of the concrete which is accounted for in thenumerical 
model 
 
• In the case of model A-1, which according to EC4 is susceptible to local 
buckling, numerical model still shows higher values than the theoretical 
curve based on the EC4 provision. It is therefore concluded that the local 
buckling criterion presented in the Eurocode might be too conservative.  
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As a summary, a superposition of all the diagrams for each prototype group is 
done and shown bellow. 
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Figure 6.17: Summary of the interaction diagrams – Group A 
 
0
50000
100000
150000
200000
250000
300000
0 20000 40000 60000 80000 100000 120000 140000
Bending moment M [kNm]
A
x
ia
l f
o
rc
e 
N 
[kN
]
Model B-1 - Abaqus model
Model B-2 - EN1994-1-1
Model B-2 - Abaqus model
Model B-3 - EN1994-1-1
Model B-3 - Abaqus model
Model B-4 - EN1994-1-1
Model B-4 - Abaqus model
 
Figure 6.18: Summary of the interaction diagrams – Group B 
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Figure 6.19: Summary of the interaction diagrams – Group C 
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6.2.4 Results discussion – diagrams of shear force vs displacement  
 
In the following chapter, V-δ relationship of the investigated prototypes will be 
presented and discussed.  Diagrams V-δ are presented for all 12 prototypes 
(figures 6.23 – 6.34). Each one of these diagrams includes 9 curves V-δ for 
various magnitudes of enforced axial displacement introduced.  In general, the 
following observations are distinguished: 
 
• -In case of the very small displacements, all the curves  follow the linear 
relationship between  the shear force and the lateral displacement given 
by the expression 6.4. In the diagram shown below, this can be clearly 
observed on the example of A-3 prototype. 
 
 
 
 
∆= ···12
3l
IE
V
   (6.4) 
 
 
 
 
 
 
 
 
 
 
Figure 6.20: Comparison of elastic ductility curve given by expression 6.4 and the 
curve which results from the model A-3 in the case of the pure bending 
 
• By increasing the lateral force, it is noticed that the ductility curve slightly 
changes its linear slope. For the mid-values of displacements, the curve 
is still linear but does not follow the theoretical values given by 
expression 6.4, ie. it is not parallel to the initial elastic curve. At this point, 
certain areas of the concrete core decompress and suffer tensile 
stresses larger than the concrete tensile resistance, therefore changing 
the slope. 
 
• For higher levels of the lateral force, relationship V-δ becomes in-elastic 
(non-linear) until reaching the horizontal level where the ultimate shear 
force is obtained.  
 
• It can be concluded that the ductility is decreased at higher levels of axial 
force. This is clearly shown on the diagrams. Apart from that it can be 
observed that in the case of pure bending, curve becomes almost 
horizontal before the ultimate shear force is achived, while in the case of 
the high axial loads, ultimate shear resistance is achieved before the 
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curve becomes horizontal. Figure 6.24 represents the ductile behaviour 
of the A-3 prototype. 
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Figure 6.21: Comparison of V-δ curve for the different magnitudes of the axial force in 
the prototypes 
 
• In addition it is observed that at mid values of the lateral displacements 
(middle linear section of the diagram), the curve shows steeper slope for 
increasing values of axial load (from zero to approx. 35% of Nult). In 
other words, small axial forces increase the shear resistance, behaviour 
which can also be observed in the interaction M-N diagrams where the 
bending moments at first increase by increasing the initial values of the 
axial loading. This behaviour is demonstrated on the ductility diagram for 
A-3 specimen. 
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Figure 6.22: Middle part of V-δ curve  is steeper for smalle values of axial force (up to 
N=35%Nult) 
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V-δ curves for all the prototypes are shown below: 
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Figure 6.23: V-δ diagram for the model A-1 – For all the cases of the axial load 
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Figure 6.24: V-δ diagram for the model A-2 – For all the cases of the axial load 
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Figure 6.25: V-δ diagram for the model A-3 – For all the cases of the axial load 
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Figure 6.26: V-δ diagram for the model A-4 – For all the cases of the axial load 
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Figure 6.27: V-δ diagram for the model B-1 – For all the cases of the axial load 
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Figure 6.28: V-δ diagram for the model B-2 – For all the cases of the axial load 
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Figure 6.29: V-δ diagram for the model B-3 – For all the cases of the axial load 
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Figure 6.30: V-δ diagram for the model B-4 – For all the cases of the axial load 
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Figure 6.31: V-δ diagram for the model C-1 – For all the cases of the axial load 
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Figure 6.32: V-δ diagram for the model C-2 – For all the cases of the axial load 
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Figure 6.33: V-δ diagram for the model C-3 – For all the cases of the axial load 
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Figure 6.34: V-δ diagram for the model C-4 – For all the cases of the axial load 
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In order to investigate the influence of D/t ratio on the ductility, joint V-δ 
diagrams were constructed for each group of the specimens. They are shown in 
the figure 6.35. 
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Figure 6.35:  V-δ diagram for the models A-1, A-2, A-3, A-4 (N=0) 
 
It is demonstrated here that all the prototypes (A-1 D/t=100, A-2 D/t=50, A-3 
D/t=33, A-4 D/t=25) show ductile behaviour, where those with lower D/t ratio 
(thicker tubes), achieve higher ultimate values of displacement. Naturally for the  
smaller D/t (thicker tubes), higher ultimate values of shear force are obtained.  
 
Influence of the D/t on the ductility of the specimens is best investigated by 
ploting a diagram of the D/t vs lateral displacement ductility index. Liang (2010) 
defined the curvature ductility index as: 
  
y
u
cd
PI
Φ
Φ
=
                                                               (6.5)    
where Φu is the ultimate curvature of a circular CFT column which corresponds 
to  the curvature at the moment that falls to 90% of its ultimate moment 
capacity, while the Φy is the yield curvature defined as  Φ0.75 / 0.75 where the 
Φ0.75  is the curvature when the bending moment attains 75% of its ultimate 
moment capacity. Following thie equation 6.5, lateral displacement ductility 
index PIldd used in this study is defined as: 
y
u
ldd
PI δ
δ
=
                                                             (6.6)    
where the δu stands for the displacement produced by 90% of the ultimate 
shear force and the δy is defined as the δ0.75 / 0.75, where the δ0.75 is equal to 
the displacement which occurs for the 75% of the ultimate shear force. 
 
Prototype D/t δu = δ0,90 [mm] δ0,75 [mm] δy=δ0,75 / 0,75 [mm] PIldd 
A-1 100,0 70 58 77,33 0,905 
A-2 50,0 78 62 82,67 0,944 
A-3 33,3 88 66 88,00 1,000 
A-4 25,0 95 68 90,67 1,048 
Table 6.8: Influence of D/t on lateral displacement ductility index 
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In the table 6.8, it can be seen that in case of N=0, decrease in the ratio D/t 
increases the ductiliy index, ie. increaing the thickness of the tubes , the ductility 
increases. This is represented on the diagram in the figure 6.36. 
0,80
0,85
0,90
0,95
1,00
1,05
1,10
1,15
1,20
0 20 40 60 80 100 120
D/t
PI
ld
d
 
Figure 6.36:  Influence of D/t on lateral displacement ductility index (N=0)  
 
In the Figure 6.36 ductile behaviour was investigated on the prototypes without 
axial loading. On the figure 6.37 it can be observed that the prototypes with 
axial load also show similar behaviour. In this case the axial load equivalent to 
the 33.3% of the Nult is applied and the influence of the ratio D/t on the lateral 
displacement ductility index is investigated. 
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Figure 6.37:  Influence of D/t on lateral displacement ductility index  (N/Nult=33.3%) 
 
This agrees with the study done by Fujimoto et al. (2004) who concluded that  
the ductile behavior improved by confining the concrete within a higher strength 
steel tube or within a tube having a small diameter-to-thickness ratio.  
 
In order to compare the influence of the ratio L/D on the ductility, a joint diagram 
of  three specimens from each group B and C was constructed. These 2 groups 
of specimens had the same cross section and only their L/D varied (for the 
group B: L/D =5 and for the group C: L/D=10). 
 
Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 88 - 
0
5000000
10000000
15000000
20000000
0 50 100 150 200 250
Displacement [mm]
Sh
ea
r 
fo
ce
 
[N
]
Model B-1-M Model B-2-M Model B-3-M
Model C-1-M Model C-2-M Model C-3-M
 
Figure 6.38: Comparison of ductility diagrams V-δ for models B (L/D=5) and C (L/D=10) 
 
As expected, it is shown that  the columns with higher ratios L/D show higher 
lateral displacements under lower shear forces.  
 
6.2.5 Results discussion – influence of the material properties on the level 
of confinement and the overall resistance 
 
In this chapter influence of the  steel quality was investigated. 
 
Investigation works which were consulted prior to this study showed that 
numerous analysis were done on the influence of concrete properties on the 
overall resistance of the columns. In the study presented in this paper only the 
influence of steel properties is investigated. 
 
There are a lot of studies where different steel qualities are employed in the 
investigation of the circular CFT columns, but only a few of them explicitly deal 
with variations in the steel quality and the influence this has on the level of the 
confinement and the column axial or bending capacity. In the study done by 
Hatzigeorgiou (2008), it was said that the experiments showed that the steel 
tube yield stress influenced the concrete behavior in such a way that the higher 
values of steel to concrete strength ratio, fy/ fc, led to improved σh (MPa) hoop 
stresses which on the other hand increased concrete resistance. Furthermore, 4 
circular CFT models were examined with characteristics shown in the following 
table: 
 
D 
(mm) 
 t 
(mm) 
 fc 
(MPa) 
 fy 
(MPa)  D/t  fy/ fc  σh (MPa)  fyt (MPa)  fyc (MPa) 
200 4 30 200 50 6,7 33,4 214,6 -181,2 
200 4 30 300 50 10 75,2 330,4 -255,3 
200 4 30 400 50 13,3 133,6 449,7 -316,1 
200 4 30 500 50 16,7 208,8 570,6 -361,8 
Table 6.8 Variation in the steel yield strength in the study done by Hatzigeorgiou (2008) 
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Fig 6.38 presents the results that were obtained in the study performed by 
Hatzigeorgiou (2008). It can be seen that by using lower steel quality (200MPa) 
ultimate stress obtained in the concrete was similar to the fck,  while it was more 
than two times higher than the characteristic value fck in the case of using high 
steel strength (500MPa).  
 
 
Figure 6.38: Influence of fy / fc ratio on the concrete stress–strain curve (Hatzigeorgiou 
2008) 
 
The analysis presented in this paper concernes  two steel qualities, S235 and 
S355 as defined by EN1993-1-1. Investigation was done on the model A-3 and 
the parameters of the two versions of this model can be seen in the following 
table: 
 
D 
(mm) 
 t 
(mm) 
 fc 
(MPa) 
 fy 
(MPa) 
 D/t  fy/ fc 
fc',confined 
[N/mm2] 
1000 30 30 235 33.3 7.83 30 
1000 30 30 355 33.3 11.83 43 
Table 6.9 Characteristics of the model versions  used to investigate the  influence of 
steel quality  
 
The results in the ultimate stresses obtained in the concrete are shown in the 
table 6.9 and in the figures 6.38 and 6.39. It can be observed that these results 
agree with Hatzigeorgiou (2008) study, ie. in the prototypes subjected to the 
axial load, higher stresses in the concrete are achieved by increasing the steel 
quality. 
 
Figure 6.39: Concrete stress diagram for the CFT column with steel tube S235 shows 
the maximum stress of 30 N/mm2 
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Figure 6.40: Concrete stress diagram for the CFT column with steel tube S355 shows 
the maximum stress of 43 N/mm2 
 
Maximum concrete stress for the CFT column with S235 is  30N/mm2 which is 
equivalent to the resistance of the unconfined concrete while for the column 
with the higher steel quality S355, maximum stress in the concrete is 43N/mm2, 
showing higher level of confinement achieved. This analysis shows that steel 
quality has a direct influence on the concrete confinement and therefore on the 
ultimate concrete resistance under axial load. 
 
In addition, steel yield strength variation is investigated on the columns 
subjected to simultaneous bending and axial compression. In order to overview 
a theoretical influence of the steel resistance as defined by the Eurocode, four 
interaction M-N curves were plotted for following steel qualities: (S235, S275, 
S355, S460). 
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Figure 6.41: Interaction M-N diagrams for various steel qualities as defined by EN1994-
1-1 
 
The Interaction diagrams obtained for the two model variations with  steel S235 
and S355, show a good agreement with the proposed curves by EC4. It is 
noticed that there is a higher difference in the pure axial resistance between the 
two model variations than in the pure bending resistance. This is because the 
increase in the confinement level observed in the columns with a higher steel 
grade is achieved for the specimens under axial compression, while in the case 
of the pure bending the confinement level is low.   
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Figure 6.42: Interaction diagrams of the two model variations (S235 and S355) in 
comparison to the theoretical diagrams constructed on basis of the EN1994-1-1. 
 
Furthermore, V-δ curves are constructed for the two tested cases. Diagram 
6.43, presents the results of the analysis for the various levels of the axial 
compression in the columns. Higher values of the shear force and displacement 
were obtained when the steel quality was increased from S235 to S355. 
Difference in the displacements between the two models decreased with 
increase in the axial compression force in the prototypes. 
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Figure 6.43: V-δ  diagrams of the two model variations (S235 and S355) for various 
levels of axial compression in the columns 
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6.2.6 Results discussion – Mechanism 
 
In order to understand better the process which integral piers undergo during 
the bridge deck movements, figure 6.44 (Guia para la concepcion de puentes 
integrales en carreteras, 2000) is used. A mechanism explained in this guide 
refers to the steel piles on which integral abutments (end bridge supports) are 
supported and not to the integral piers (intermediate bridge columns), but 
having in mind that the collapse mechanism is similar, it will be used here. 
 
The response of the pier has two phases, elastic and plastic phase. In the first 
elastic phase, piers receive axial load, which generally provokes only elastic 
response of the column, and a smaller part of the horizontal displacement. Even 
relatively small lateral displacements will cause beginning of the plastic phase. 
When the column enters the plastic phase of the response, a plastic hinge will 
be formed at the joint between the deck and the column. In case of further 
loading, a second plastic hinge will be formed at the joint of the column and the 
soil. Any further displacements will bring this structure to the collapse. 
 
Figure 6.44 demonstrates the process.  
 
 
 
Figure 6.44 Formation of the plastic hinges at the top and the botom of the piers during 
plastic phase of lateral loading  
 
As explained by the guide, in the case of the absence of the axial compression, 
considering a pure steel HEB section, plastic lateral displacements would be 
several times greater than the elastic displacements. Presence of the axial 
compression in the piers would lower its ductility, what was already shown in 
this paper before. 
 
In the further text, the collapse mechanism is shown on the finite element three-
dimensional model created for this study. Model A-3 is used to explain the 
loading process. Furthermore a case of pure bending will be shown and 
discussed. 
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In the axial loading stage, the prototype is loaded by introducing vertical 
displacement which produces around 47% of the Npl,Rd of the column. .This load 
causes axial stresses shown on the figures: 6.45-6.47.  
  
    
 
  Figure 6.45 Axial stress in the steel tube  Figure 6.46 Axial stress in the concrete core 
(upper  part  – only steel tube shown)         (upper part  – only concrete core shown) 
 
Different scales are 
introduced in order to present 
the stress distribution more 
clearly. Under introduced 
vertical load, steel tube 
experiences stress of about 
145 N/mm2 while concrete 
core has 19 N/mm2.   
It is important to say that the 
magnitude of the introduced 
axial load will not cause a high 
level of concrete confinement.  
 
 
 
 
 
 
Figure 6.47 Axial stress in the steel tube (left)  
and concrete core (right) 
 
The next stage of loading consists of applying lateral displacements under 
unchanged axial load, ie. the magnitude of the axial displacement introduced is 
kept constant. Lateral displacements which cause yielding of the steel tube are 
35mm while the ultimate lateral displacement in this case is 84mm. The ratio 
between elastic and inelastic displacements increases when the axial load 
introduced is lowered.  
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Figure 6.48 shows the stresses in the steel tube and the concrete core in the 
elastic domain, while the plastic displacements are presented in the figure  6.49. 
 
On the presented prototype,  
lateral displacemet is applied in 
the direction from left to right  
and for better demonstration 
displacements are multiplied by 
a factor 10.  
As the initial stage of the loading 
subjects the column to a pure 
compressive stage, naturally, 
lateral loads cause the  upper 
left  and the lower right side  to 
become more compressed while 
the upper right  and the lower 
left side become more relaxed 
but still experience small 
compressive stresses. 
 
  
Figure 6.48 Stress in the steel tube (left) and concrete core 
 (right)in elastic stage of lateral displacements 
As the loading continues, 
tensile stresses occur. At 
this point, concrete 
experiences cracking in 
the tensile zone and does 
not receive any further 
stress in this area, while in 
the opposite compressed 
area, plastic stresses 
which first occur near  
both ends of the column, 
propagate towards the mid 
section. In the case of the 
steel tube, both 
compressive and tensile 
stresses occur and 
propagate towards the 
mid-section although  
Figure 6.49 Stress in the steel tube (left) and concrete  
core (right) in elastic stage of lateral displacements 
 
compressed area is much bigger than the tensile area due to initial loading 
stage. From the figures 6.48 and 6.49, it is clear that the collapse occurs when 
both plastic hinges are formed as previously explained. However for D/t=33.3 
presented in this prototype, concrete core experiences complete yielding while 
the steel tube has some plastic capacity left in the mid section. 
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In order to gain a better understandin of  the loading mechanism, a pure 
bending case is also presented. This case shows equal plastification of the steel 
tube, ie.  tensile and compressive plastic zones are of equal area, while the 
concrete core experiences large compressive yielding on one side and the 
tensile cracking on the opposite side of the column. 
 
   
Figure 6.50 Stress in the steel tube (left) and concrete core (right)  
in the ultimate stage of the lateral displacements for the  pure bending load case 
 
Furthermore, it can be seen that only small portions of the compressed areas of 
the concrete core near the column top and the column bottom  are confined, ie. 
they reach higher compressive stresses than nominal. 
 
 
6.2.7 Results discussion – Local buckling 
 
Back in chapter 5, in table 5.3, it is said that three out of twelve specimens 
tested are susceptible to the local buckling of the steel tube. Maximum diameter 
to thickness ratio has been determined according to the EN1994-1-1 for the 
geometry of the prototypes. Any prototype with a higher ratio, is expected to 
develop local buckling. The three mentioned specimens have the ratio D/t=100, 
stating in theory that the local buckling will occur. 
 
Having a look at the figure 6.47, it can be seen that the areas close to the 
bottom and to the top of the column suffer the highest stresses. Naturally, local 
buckling is expected to occur in the compressed parts of these areas. 
Furthermore, it is important to see whether the local buckling developes before 
reaching yield stresses or after the section has undergone the plastification, ie. 
to determine whether the section can develop a full plastic hinge as described in 
the previous chapter. In addition, it is necessary to state at which magnitude of 
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initial axial loading, local buckling occurrence under lateral displacements is 
investigated. 
Four models of group A are used to determine whether the local buckling 
occurs: (A-1: D/t=100; A-2: D/t=50; A-3 D/t=33.3; A-4 D/t=25). Among them A-1 
is expected to experience the local buckling before achieving plastic 
deformation. They are all investigated under the enforced vertical 
displacements which cause normal working axial stresses (50% of Nult), and 
under ultimate lateral displacements. 
 
Results are presented in the following figures 6.51 to  6.54. It can be seen that 
all four specimens developed local buckling between the second and fourth 
finite element. Apart from that, figures show that all four of them first develop 
plastic stresses and then buckle, even though it was expected for the specimen 
A-1 to experience buckling before reaching the plastic stress in the tube. 
 
                         
Figure 6.51 Local buckling Model A-1               Figure 6.52 Local buckling Model A-2 
  
                         
 Figure 6.53 Local buckling Model A-3             Figure 6.54 Local buckling Model A-4 
 
In order to further investigate the criterion for local buckling presented in the 
EN1994-1-1, a further research could be done on the geometry which is 
susceptible to local buckling under combined loading. 
 
Displacements in the figures above have been magnified 30 times in order to 
give a better demonstration. Apart from that, the figures present only the bottom 
of the column, since the top of the column experiences very similar behaviour 
and does not need to be shown apart. 
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Furthermore, the diagram of the applied load on the CFT column vs relative 
distance between two adjacent nodes, one on the inner side of the steel tube 
and another one on the outer surface of the concrete core is plotted. This is 
done for the prototype A-1 which is expected to buckle according to the 
EN1994-1-1. 
 
The load case with axial load only is examined since the case of the local 
buckling is more clear for this type of the load. Model A-1 which is susceptible to 
the buckling, is expected to buckle under the central axial load near the bottom 
and the top of the column.  
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Figure 6.55 Left: Axial load vs relative displacement  Right: Relative displacement 
between two nodes 
 
It can be seen from the figure 6.55 that the node which is in the area 
susceptible to buckling, increases its relative distance to the concrete core with 
the increase of the axial load. Its relative displacement is much larger than that 
of the node which is in the area not sensitive to the buckling.  
 
The diagram further shows that at the later stages the gap closes due to the 
increasing Poisson's coefficient between the concrete, which causes the 
concrete to expand faster than the steel. In the case of the node in the buckling 
area, the gap closes and no further load is received while in the case of the 
other node after the gap has been closed, further load can be received. 
 
At this point it is important to note that the relative displacements are very small 
(0.12mm) and that the gap completely closes in both cases. Therefore, it cannot 
be strongly claimed that the local buckling occurs. Furthermore, if the local 
buckling does occur, it happens after the section has undergone the yield 
stresses.  
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6.2.8 Results discussion – Influence of D/t ratio on the concrete 
confinement 
 
Influence of the ratio  (D/t) on the level of the confinement  achieved in the 
concrete in CFT members was examined by many researchers (Schneider 
1999, Giakoumelis and Lam 2004, Liand and Fragomeni 2010, etc.).  In this 
study, effects of variation of D/t are studied on both axially loaded and 
combined loaded prototypes. 
 
6.2.8.(i) Influence of D/t on the confinement level in axially loaded prototypes 
 
D/t ratio can influence the level of the confinement of the concrete. Thicker steel 
tubes will provide greater magnitudes of hoop stress which confines the 
concrete therefore enabling concrete core to achive higher ultimate loads. In 
this study, four prototypes of the group A are taken to study this influence and 
the results are shown on the figures 6.56 and 6.57 and in the table  6.10. 
 
    
Figure 6.56 Ultimate axial stresses in the tubes with different D/t (from left to right: A-1 
D/t=100, A-2 D/t=50, A-3 D/t=33.3, A-4 D/t=25). Equal stress scale for all prototypes 
 
 
 
 
         
 
 
 
 
 
 
               Table 6.10 D/t vs fc',confined 
                for axial loading 
 
 
Figure 6.57   D/t vs σmax  for group A. Red line shows  the nominal concrete  resistance  
D/t fc',confined 
100 36,75 
50 41,45 
33,3 45,69 
25 48,24 
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The red line in the figure 6.57 shows the nominal resistance of the concrete 
used. Even the thinnest tube (prototype A-1, D/t=100) provides some 
confinement and achieved stresses are 17% greater than the nominal. By 
increasing the thickness of the steel tube 4 times (prototype A-4, D/t=25), 
concrete resistance increases 27% in comparison to A-1, being 48% higher 
than the nominal concrete resistance. Thus it is clearly shown that in the case of 
the axial loading, D/t ratio has a significant influence on the confinement level.  
 
6.2.8.(ii)Influence of D/t on the confinement level in combined loaded prototypes 
 
In case of the combined bending and axial load, the confinement of the 
concrete also occurs but to a much less content. In order to achive any 
confinement which can contribute to the column resistance, axial compression 
in the tube must be high enough. In the example chosen to present this effect, 
axial enforced displacement that is introduced  causes axial forces in the 
column equivalent to the 50% of the Nult. Even though this is a considerabe 
force having in mind real case conditions, the confinement of the concrete takes 
place only in the limited areas shown on the figures 6.58 to 6.60. In order to 
present the areas of confinement more clearly, the concrete finite elements with 
stresses fc<fck were presented in grey, leaving all the elements with confined 
concrete, ie. fc=fc'confined>fck to be shown in colour. 
 
 
 
 
 
 
 
                      Table 6.11 D/t vs fc',confined 
                     for combined loading 
Figure 6.58 Top view of the concrete core  
(confined concrete is presented in colour) 
 
                         
Figure 6.59 Side view and the middle section view               Figure 6.60 Only limited  
of the concrete core (confined concrete is                            areas at the top and  
presented in colour)                                                              the  bottom are confined 
D/t fc',confined 
100 41,95 
50 44,70 
33,3 47,90 
25 54,96 
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Figure 6.61   D/t vs σmax  for the group A prototypes under combined loading. Red line 
shows  the nominal concrete  resistance  
 
Max compressive stresses achieved are presented on the diagram above as a 
function of D/t. It can be seen that as well as in the case of the pure axial 
loading, decreasing D/t ratio, increases level of confinement. These max 
stresses take place only in the narrow field of confined concrete area, while the 
remaining confined concrete area has the stresses slightly above fck. 
It is also important to say that under the axial loading which is less than 30-40% 
of the Nult, confinement effects achieved in the CFT columns under combined 
loading are very small.   
      
   
Figure 6.62 Different levels of the confinement under combined loading with different 
magnitudes of  axial loading (coloued areas show concrete with σ>fck ) 
 
6.2.9 Influence of the steel contribution ratio on the confinement level of 
the concrete 
 
In the section 3.6.1, the steel contribution ratio was defined as:  
 
                                            δ = Aaּfyd / ( Aaּfyd + Ac ּ fc)                                     (6.7) 
 
It was said that all the prototypes in this study respect the Eurocode criterion for 
the min. and the max. steel contribution ratio:  δ =0.2 and δ =0.9 respectively.  
 
The influence of the steel contribution ratio on the confinement level of the 
concrete is investigated in the case of the axial loading as well as in the case of 
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the combined loading of the specimens. In order to present this relationship, the 
prototypes of group A are used.  
 
The results of the ultimate compressive stresses of the concrete under the axial 
loading are taken from the table 6.10 . These results are contrasted to the steel 
contribution ratio values presented in the table  5.4 and the corresponding 
relationship is shown in the figure 6.63. It is shown that the confinement level 
increases with the increase in the steel contribution ratio. This increase is close 
to linear behaviour. 
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Figure 6.63 Influence of the steel contribution ratio on the confinement level of the 
concrete under the axial loading 
 
Red line in the figure 6.63 shows the nominal concrete resistance of the 
concrete used. In order to present this increase more clearly, the diagram 
shown in the figure 6.64 is constructed. It shows the percentage increase of the 
confinement level depending on the steel contribution ratio. It is noted that the 
increase in the concrete resistance is almost 50% for the ratio of 0.68. Since the 
EN1994-1-1 allows the max. value of the ratio to be raised up to 0.9, it is 
possible to gain even higher confinement levels. 
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Figure 6.64 Increase in the concrete resistance [%] compared to the nominal 
resistance under increasing steel contribution ratio 
Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 102 - 
Figure 6.65 shows the influence of the steel contribution ratio on the concrete 
confinement level under the combined loading. Data on the concrete stresses is 
taken from the table 6.11. 
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 Figure 6.65  Influence of the steel contribution ratio on the confinement level of the 
concrete under the combined loading 
 
As well as in the case of the pure axial loading, the confinement level of the 
concrete increases with the raise in the steel contribution ratio. The higher ratio 
of the steel in the circular CFT columns enables the higher hoop stresses which 
confine the concrete core with the higher efficiency.  
 
However, in the case of the combined loading with low axial forces and high 
bending moments, the volume of the confined concrete is relatively small in 
comparison to the total volume of the concrete core as is shown in the figures 
6.58 to 6.60 and 6.62. 
 
 
6.2.10 Comparison with empty steel tubes 
 
In order to understand better the behaviour of the circular CFT columns their 
structural response is compared to the response of the empty circular steel 
columns. This comparison is done for the purpose of finding the advantages of 
the CFT columns over the empty steel tubes, ie. which aspects of the structural 
response are improved and which are not. 
 
Comparisons between empty tubular sections and the  CFT profiles were done 
by Elchalakani et al. (2001) who investigated their behaviour under the pure 
bending loads and Johansson and Gylltoft (2002) who compared these sections 
under axial loads. 
The results from the study done by Chacon (2010) on the Structural behaviour 
of the circular steel tubes under the combined loading characteristic to the piers 
in integral bridges were used for comparison. Geometry of the steel tubes 
investigated was similar to the geometry of most of the prototypes used in this 
analysis. Modeling was done in Abaqus, and the finite elements employed were 
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of a shell type. Interaction diagrams for both types of the columns are presented 
in figures 6.66 to 6.71.  
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Figure 6.66  Interaction diagrams for  the empty steel tube (H=10m, D=1m, t=20mm) 
Section class 3 according to the EN1993-1-1 
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 Figure 6.67: Interaction diagrams for  the CFT model A-2 (H=10m, D=1m, t=20mm) 
The diagram is the inverted version of the diagram presented in the figure 6.9 
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Figure 6.68  Interaction diagrams for  the empty steel tube (H=10m, D=1m, t=30mm) 
Section class 2 according to the EN1993-1-1 
Structural response of circular CFT piers in integral bridges                
 
Borisa Kovac  - 104 - 
0
2000
4000
6000
8000
10000
12000
14000
0 10000 20000 30000 40000 50000 60000 70000
Axial force N [kN]
Be
n
di
n
g 
m
o
m
en
t M
 
[kN
m
]
EN1994-1-1 - S355
A-3e N-M Abaqus model S355
 
Figure 6.69: Interaction diagrams for  the CFT model A-3 (H=10m, D=1m, t=30mm) 
The diagram is the inverted version of the diagram presented in the figure 6.10 
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Figure 6.70  Interaction diagrams for  the empty steel tube (H=10m, D=1m, t=40mm) 
Section class 1 according to the EN1993-1-1 
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Figure 6.71: Interaction diagrams for  CFT model A-4 (H=10m, D=1m, t=40mm) 
The diagram is the inverted version of the diagram presented in the figure 6.11 
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The comparison of the interaction diagrams is summarized in the table 6.11 
shown in the further text.  
 
The results demonstrate the overall increased resistance of the tubes filled with 
concrete. Furthermore the increase in the axial resistance is several times 
bigger than the increase in the bending moments. It is clear that the concrete 
core contributes much more to the increase in the axial resistance than to the 
flexural resistance. This is natural, since the increase in the cross section area 
by filling the empty portion of the column with concrete has little influence on the 
moment resistance while the cross section area is increased several times. 
Apart from that, during the central axial loading, full concrete section is 
mobilized in the axial resistance, while in the case of bending only the 
compressed area of the concrete contributes to the increase in bending 
resistance. In addition, by filling the tube with concrete, the steel tube is 
prevented from buckling inwards which further increases its aportation to the 
overall resistance. 
 
Moreover, it is noticed that the increase in the resistance decreases with 
increasing the thickness of the tube. This is due to two reasons, the first of them 
is that the additional cross section brought by the concrete filling reduces by 
increasing the steel tube thickness and the second is that the local buckling 
which occurs in the case of the thin empty tubes is less probable to occur in the 
thick tubes, therfore reducing the effect of the concrete filling on the reduction of 
the local buckling probability. 
 
  
Empty steel tubes  
Npl,Rd, E  [kN] 
Concrete filled tubes  
Npl,Rd,NUM [kN] Npl,Rd,NUM /Npl,Rd, E   
A-2 22000 50000 2.273 
A-3 33000 62000 1.878 
A-4 44500 72000 1.618 
 
  
Empty steel tubes  
Mpl,Rd,E  [kNm] 
Concrete filled tubes 
 Mpl,Rd,NUM [kNm] Mpl,Rd,NUM / Mpl,Rd,E   
A-2 7300 8500 1.164 
A-3 11200 12400 1.107 
A-4 15000 15200 1.013 
 
  
Empty steel tubes  
Mpl,N,Rd,E   [kNm] 
Concrete filled tubes 
 Mpl,N,Rd,NUM  [kNm] Mpl,N,Rd,NUM  / Mpl,N,Rd,E   
A-2 7300 9700 1.329 
A-3 11200 12800 1.143 
A-4 15000 15800 1.053 
Table 6.11 Comparison of the axial and bending resistance between the empty circular 
steel tubes and circular CFT columns 
 
It is also important to say, that in contrast to the empty tubes, CFT columns gain 
moment resistance by the initial increase in the axial loading, which makes 
them a better choice in the case of integral bridges were the combined loading 
with  relatively low axial loads and high bending moments is expected. 
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7. Conclusion 
 
 
The purpose of this chapter is to summarise the work done, to present the most 
important conclusions and to give suggestions for the future research on this 
topic.  
 
 
7.1 Discussion 
 
The aim of this study was to investigate the structural behaviour of the circular 
concrete filled tube piers in integral bridges under the combined axial and 
bending loading which results from bridge deck vertical loads and longitudinal 
bridge displacements.  
 
Chapter 2 described the general concept of integral bridges, their development 
through time and the main advantages and disadvantages. In order to gain a 
better understanding of their usage and design, an overview of the integral 
bridge construction in several countries was given. It was found that the widest 
use of these structures was in USA where the first examples dated back to 
1950s.  
 
Furthermore it was seen that in spite of having a high number of integral bridges 
constructed, no general design codes exist, except for a few guidelines. 
In Spain, only one guide on the integral bridge design and construction has 
been published.  
 
In addition, research studies and literature most often cover the integral 
abutments while only a few studies were found on the integral piers. Moreover 
only a few studies conducted a research on use of composite CFT columns as 
integral piers. Since at the present time more and more integral bridges are built 
as the multispan systems with piers, it was therefore necessary to conduct a 
study on this topic and provide more information. 
  
Since the main loading of integral piers is lateral displacement introduced in the 
pier caps, the origins and magnitudes of these movements were presented, 
among which temperature movements were distinguished as the strongest.   
 
In Chapter 3, the literature overview was done on the investigation of the 
circular CFT columns in the previous 40 years. Having done this survey it was 
seen that a lot of studies were done on axial resistance of the CFT columns 
while only a few of them have been found to investigate the pure bending 
loading. Even though,  a considerable amount of work was conducted on the 
behaviour under combined axial and bending loading, it was found that in most 
of the cases bending was introduced by the three or four point loads while only 
a very scarce amount of investigation was done under the conditions which 
occur in integral bridges, ie. where the column caps are horizontaly displaced 
by the movements of the bridge deck. Therefore it was necessary to provide 
more information on this subject.  
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Chapter 3 also explained the main concepts of the design of CFT members 
according to the Eurocode EN1994-1-1. This standard was used throughout the 
study to provide the theoretical results which served for comparison of the 
numerical results. 
 
Chapter 4  served to explain the main concepts which were followed in the  
design of the numerical model. The finite element method program 
Abaqus/Standard 6.9 was used to conduct a numerical analysis on the CFT 
columns.  
 
The model was constructed as the three-dimensional solid body. The usage of 
the two thick steel plates at the bottom and the top of the column helped avoid 
certain convergence problems. By doing the preliminary analysis and consulting 
previous research done with the help of the Abaqus on this very subject, it was 
decided to use the solid 8-node finite elements with reduced integration 
(C3D8R).  
 
Constitutive model for steel was elastic-perfectly plastic model with von-Mises 
yield criterion. In order to model the concrete core, two constitutive models 
offered by the Abaqus were tested: the concrete-smeared cracking model and 
the concrete damaged plasticity model, among which the later gave more 
consistent results and was found to be more precise when the results were 
compared to the theoretical values obtained by EN1994-1-1. By using this 
constitutive model it was possible to account for the tensile strength of the 
concrete. Apart from that this constitutive enables concrete confinement. 
Interaction diagrams constructed using the concrete damaged plasticity model 
were ‘smoother’ and followed better the diagrams obtained by Eurocode. 
 
Interaction between the concrete core and the steel tube was modeled with the  
tangential friction contact and the normal contact which allowed separation but 
did not allow penetration. In the preliminary studies it was found that changing 
the friction coefficient had little influence on the final results. Load 
incrementation model used in Abaqus, based on arc length method (Riks),  was 
found to be very useful and reliable in assigning large lateral displacements. At 
the end of the chapter, it was explained how the model was seeded and 
meshed. It is important to mention that the two layer steel mesh was used in 
order to obtain more information on the stresses in the steel tube. 
 
In Chapter 5 model validation was conducted and the model prototypes were 
presented.  
 
In order to validate the model, a comparison was done to the theoretical results 
obtained by EN1994-1-1 and to the results obtained in the studies conducted by 
other researchers. Both the axial loading and the combined loading (bending 
and compression) results were compared. It was found that the model showed 
good agreement with theoretical results obtained by Eurocode. 
 
In the case of the axial loading only, numerical values obtained, were slightly 
higher than those given by the formula for the unconfined concrete. It was 
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concluded that the raise in the numerical values was due to the confinement of 
the concrete. However, the analysis results were lower than those obtained by 
the formula for the confined concrete in EN1994-1-1. By comparing the results 
to those obtained by the other researchers, it was found that the expression 
given in Eurocode for circular CFT columns under the axial load gave 
overestimated values for small L/D ratios.  
 
To validate the model behaviour under the combined loading, the interaction 
diagram for one prototype was constructed and compared to the interaction 
diagram obtained by EN1994-1-1. Having in mind that the confinement and the 
tensile resistance of the concrete were taken into account by the numerical 
analysis, the interaction diagram obtained showed expected higher values but 
followed consistently the Eurocode curve which does not take into account the 
confinement.   
 
It was found that by using a denser mesh, results converged towards theoretical 
values. The mesh density at which the results showed no significant 
improvement was taken as valid for the numerical model. 
 
The geometry of the prototypes used in this analysis resembled the real case 
examples. Twelve prototypes divided into three groups were modeled. H/D ratio 
varied from 5 to 10 and therefore these geometries were not expected to fail by 
global buckling. However D/t ratio varied from 25 to 100, thus obtaining three 
prototypes susceptible of local buckling according to the EN1994-1-1 criterion. 
The steel contribution ratio δ was kept within the acceptable limits as defined by 
the Eurocode, while the relative slenderness of all the prototypes was lower 
than 0.5 which made possible the usage of the formula for axial resistance 
which takes into the consideration the confinement.   
 
Chapter 6 presented the analysis procedure undertaken, the results  and the 
discussion. 
 
The analysis procedure consisted of the preliminary and the main analysis. The 
preliminary analysis included finding the ultimate axial resistance of the 
specimens and recording the axial displacements. The main analysis consisted 
of the two stages, the first stage where the prototypes were axially loaded 
introducing enforced displacements whose values were based on the 
preliminary analysis, and the second stage which consisted of application of the 
lateral displacements in the pier caps in order to investigate their ultimate 
resistance and the displacements achieved. Apart from that, the additional 
study was undertaken in order to analyse the influence of the variation of the 
steel quality on the resistance of the CFT columns. 
 
The results were summarized in the tabular form presenting the values of the 
most important variables. 
 
The results of the resistance under combined loading were presented in the 
form of the interaction diagrams for all twelve prototypes. It was found that the 
diagrams were consistent and that they followed the behaviour presented by the 
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Eurocode interaction diagrams. However the values obtained were higher than 
the values calculated by EN1994-1-1, which might be due to the fact that in the 
case of the combined loading with higher eccentricities Eurocode does not take 
into account the confinement effect. Apart from that, the Eurocode does not 
make any use of the tensile resistance of the concrete. The difference in the 
results was the highest for the cases with high axial forces. In addition, the 
prototype which according to the Eurocode was susceptible to the local buckling 
did not show a significant fall in the interaction diagram values which might 
indicate that the Eurocode underestimates such sections. 
 
In order to investigate the ductility of the specimen, diagrams of the shear force 
against the lateral displacements were constructed on the basis of the analysis 
results. Under small shear loading, the prototypes behaved according to the 
linear expression given by EN1994-1-1. In the case of the mid-values, the 
diagrams remained linear, but with the changed slope, while in the case of the 
higher lateral loads behaviour was shown to be plastic and was represented by 
a fall in V-δ curve down to the horizontal level after what the ultimate resistance 
was achieved. An important conclusion drawn from the analysis is that the 
lateral ductility of the prototypes decreases with increase in the axial load. In 
addition it has to be said that V-δ diagrams did not fall below horizontal level 
which was expected in some cases. Another important conclusion is that in the 
case of decreasing D/t (thicker tubes), higher ductility was achieved due to 
increased level of confinement. In addition to that, the specimens with a higher 
ratio L/D (more slender columns) achieved lower ultimate shear forces while 
experiencing higher end displacements. 
 
Investigating the influence of the material properties on the level of the 
confinement, the overall resistance and the ductility, a variation in the steel 
quality was performed. It was shown that in the case of the central axial loading, 
the level of the confinement increased with improved steel resistance. This can 
be explained by the formation of the higher hoop stresses in the case of the 
higher steel resistance. In the case of the combined loading, an increase in 
overall resistance in the case of the higher steel quality was also noted but only 
in those cases where axial loads where high. Naturally, due to the higher 
confinement level of the concrete in stronger tubes, ductility was increased by 
using higher steel qualities. 
 
The influence of D/t was also investigated Investigation was done on both the 
axially loaded columns and the columns under the combined loading. It was 
shown that the thicker tubes, ie. the tubes with lower D/t ratio, provide greater 
hoop stresses, thus confining the concrete to the higher level. There was a very 
clear increase in the ultimate compressive concrete stresses in the case of the 
lower D/t ratio.  
The case of the combined loading showed that a very little portion of the 
concrete is actually confined. The graphical presentation of the confined areas, 
areas with concrete stresses greater than nominal, was shown. Lowering the 
value of D/t also influenced the confinement level by increasing it, but it was 
shown that even the relatively thick tubes (D/t=25) caused little confinement in 
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under the combined loading which is characteristic for integral piers, ie. bending 
due to lateral displacements in the pier caps. 
 
The results also showed that with an increase in the steel contribution ratio, the 
confinement level of the concrete increased. 
 
The explanation of the collapse mechanism was done using finite element 
model results. It was shown that the collapse of the columns occurred after 
formation of two plastic hinges. Furthermore it was demonstrated that in the 
ultimate stage of the loading, local buckling occurred in the compressed areas 
close to the top and to the bottom of the column. Graphical presentation of this 
effect was given. 
 
At the end of the analysis, the circular CFT columns were compared to the 
empty steel tubes. Results for comparison were taken from the study done by 
Chacon (2010) on the behaviour of empty steel tubes under combined loading 
which had the same character as the loading presented in this analysis. The 
geometry used was very similar to the geometry of the prototypes in this study.It 
was found that the overall resistance was increased in the case of CFT 
prototypes. This increase was greater under the pure axial loading than under 
the pure bending loading. Apart from that it was found that the increase in  the 
resistance was higher in the case of the thinner tubes.  
 
 
 
7.2 Suggestions for future research 
 
Throughout the course of the study, the author came upon several different 
situations that pointed out to the necessity of the further research on the certain 
topics which colud  be of  importance for the usage of circular CFT piers in 
integral bridges.  
 
• In the review of the literature on the construction of integral bridges it was 
noticed that there is a lack of research studies in the field of integral 
piers.  
 
• Literature review on the circular CFT profiles showed that there are only 
a few cases which investigate the behaviour of these members under the 
loading conditions characteristic for an integral bridge, ie. axially loaded 
columns which receive lateral displacements in the pier caps due to the 
bridge deck displacements. Furthermore, there is a lack of investigation 
on the columns with large diameters. 
 
• A non-linear study on the axial resistance of the large scale circular CFT 
columns taking into account the initial imperfections, as defined by 
Eurocode, would be interesting 
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• It was seen that only a few studies exist on the level of the confinement 
of the concrete in the CFT columns when subjected to the bending other 
than that caused by the three-point or the four-point loading. 
 
• Expression on the ultimate axial resistance which take into account the  
confinement effects, provided overestimated values in the case of low 
L/D values. A future study on this topic would be useful in order to 
estimate the level of error caused. 
 
• Expression in EN1994-1-1 which determines the geometries of the 
circular CFT columns susceptible to the local buckling was found to be 
rather conservative. A research which would further investigate this 
expression under different loading conditions would be useful. 
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Annex A - Additional ductility diagrams 
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Figure A.1: Ductility diagram V-δ for model A-1 – 3 cases of higher axial load 
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Figure A.2: Ductility diagram V-δ for model A-2 – 3 cases of higher axial load 
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Figure A.3: Ductility diagram V-δ for model A-3 – 3 cases of higher axial load 
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Figure A.4: Ductility diagram V-δ for model A-4 – 3 cases of higher axial load 
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Figure A.5: Ductility diagram V-δ for model B-1 – 3 cases of higher axial load 
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Figure A.6: Ductility diagram V-δ for model B-2 – 3 cases of higher axial load 
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Figure A.7: Ductility diagram V-δ for model B-3 – 3 cases of higher axial load 
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Figure A.8: Ductility diagram V-δ for model B-4 – 3 cases of higher axial load 
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Figure A.9: Ductility diagram V-δ for model C-1 – 3 cases of higher axial load 
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Figure A.10: Ductility diagram V-δ for model C-2 – 3 cases of higher axial load 
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Figure A.11: Ductility diagram V-δ for model C-3 – 3 cases of higher axial load 
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Figure A.12: Ductility diagram V-δ for model C-4 – 3 cases of higher axial load 
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Figure A.13: Ductility diagram V-δ for models C-1  to C-4 
 
Annex B - Four mesh types – Whole model view 
 
 
 
 
     
 
 
 
 
 Figure B.1: Different mesh densities tested in preparation of the final model 
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Annex C – Part of the Abaqus code for model A-3 
Heading 
** Job name: 3-7e Model name: 
Model-1 
** Generated by: Abaqus/CAE 6.9-
3 
*Preprint, echo=NO, model=NO, 
history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name="Base Steel plate" 
*End Part 
**   
*Part, name="Concrete tube" 
*End Part 
**   
*Part, name="Head steel plate" 
*End Part 
**   
*Part, name="Steel tube" 
*End Part 
**   
** 
** ASSEMBLY 
...... 
 
** Constraint: Tie 1 
*Tie, name="Tie 1", adjust=yes 
_PickedSurf55, _PickedSurf51 
** Constraint: Tie 2 
*Tie, name="Tie 2", adjust=yes 
_PickedSurf57, _PickedSurf52 
** Constraint: Tie 3 
*Tie, name="Tie 3", adjust=yes 
_PickedSurf56, _PickedSurf53 
** Constraint: Tie 4 
*Tie, name="Tie 4", adjust=yes 
_PickedSurf58, _PickedSurf54 
*End Assembly 
**  
** MATERIALS 
**  
*Material, name=Concrete 
*Elastic 
25000., 0.2 
*Concrete Damaged Plasticity 
30.,    0.1,   1.16, 0.6667,     
0. 
*Concrete Compression Hardening 
30.,     0. 
30., 0.0025 
 0.,  0.004 
*Concrete Tension Stiffening, 
type=GFI 
 2.5,100. 
*Material, name=Steel 
*Elastic 
210000., 0.3 
*Plastic 
355.,  0. 
355., 0.2 
**  
** INTERACTION PROPERTIES 
**  
*Surface Interaction, 
name=IntProp-1 
1., 
*Friction, slip tolerance=0.005 
 0.3, 
*Surface Behavior, pressure-
overclosure=HARD 
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-1 Type: 
Displacement/Rotation 
*Boundary 
Base, 1, 1 
Base, 2, 2 
Base, 3, 3 
** Name: BC-2 Type: 
Displacement/Rotation 
*Boundary 
Head, 1, 1 
Head, 2, 2 
**  
** INTERACTIONS 
**  
** Interaction: Concrete steel 
interaction 
*Contact Pair, 
interaction=IntProp-1, small 
sliding, type=SURFACE TO 
SURFACE, no thickness 
"Steel tube-1".SCA, "Concrete 
tube-1".SCH 
** -----------------------------
--------------------------------
--- 
**  
** STEP: Axial load 
**  
*Step, name="Axial load", 
nlgeom=YES, inc=20 
Axial loading 
*Static 
0.1, 1., 1e-05, 1. 
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-2 Type: 
Displacement/Rotation 
*Boundary 
Head, 3, 3, 7. 
**  
** OUTPUT REQUESTS 
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**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, 
variable=PRESELECT 
**  
** HISTORY OUTPUT: Reaction head 
Axial - Z 
**  
*Output, history 
*Node Output, nset=Head 
RF3,  
*End Step 
** -----------------------------
--------------------------------
--- 
**  
** STEP: Displacement 
**  
*Step, name=Displacement, 
nlgeom=YES, inc=200 
*Static, riks 
0.05, 1., 1e-08, 1., ,  
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-2 Type: 
Displacement/Rotation 
*Boundary 
Head, 1, 1, 200. 
Head, 3, 3, 7. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, 
variable=PRESELECT 
**  
** HISTORY OUTPUT: Reaction base 
- X 
**  
*Output, history 
*Node Output, nset=Base 
RF1,  
**  
** HISTORY OUTPUT: Reaction base 
- Y 
**  
*Node Output, nset=Base 
RF2,  
**  
** HISTORY OUTPUT: Reaction base 
- Z 
**  
*Node Output, nset=Base 
RF3,  
**  
** HISTORY OUTPUT: Displacement 
base - X 
**  
*Node Output, nset=Base 
U1,  
**  
** HISTORY OUTPUT: Displacement 
base - Y 
**  
*Node Output, nset=Base 
U2,  
**  
** HISTORY OUTPUT: Displacement 
base - Z 
**  
*Node Output, nset=Base 
U3,  
**  
** HISTORY OUTPUT: Reaction head 
- X 
**  
*Node Output, nset=Head 
RF1,  
**  
** HISTORY OUTPUT: Reaction head 
- Z 
**  
*Node Output, nset=Head 
RF3,  
**  
** HISTORY OUTPUT: Displacement 
head - X 
**  
*Node Output, nset=Head 
U1,  
**  
** HISTORY OUTPUT: Displacement 
head - Y, Reaction head - Y 
**  
*Node Output, nset=Head 
U2,  
**  
** HISTORY OUTPUT: Displacement 
head - Z 
**  
*Node Output, nset=Head 
U3,  
*End Step 
